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■ Proteases and Antiproteases in the Lung ']£ 


Prologue 



• This supplement to the American Review of Respiratory 
; v Disease consists of ideas and concepts that were selected for pre- 
£ *’ sentation at the Symposium on Proteases and Antiproteases in the 
v ;■ Lung, held on May 10, 1981 at the American Lung Association 
American Thoracic Society Annual Meeting. The publication 
date was delayed for one year to permit all observations that had 
not been published to be accepted by refereed journals. Therefore 
* all concepts presented in the symposium have survived critical re¬ 
view. In addition, the manuscripts include published or in-press 
observations that bring the respective areas up to date as of May 
.* 1982. ,.- 

* Selection of areas covered in the symposium was based on two 
factors. The first section of manuscripts was selected because it 
r represents important breakthroughs in our understanding of pro- 
tease-inhibitor interactions in the lungs or has filled an important 
void in understanding such interactions. This void included a vir¬ 
tual ignorance about accessibility of neutrophil enzymes to nor- 
1 mal or inflamed lungs. The participants were selected in 1979- 
1980. If I had to reselect areas of great importance to protease- 
inhibitor balance in the lungs today, I would include the areas of 
" macrophage elastase, neutrophil elastase in association with mac¬ 
rophages, and other areas that now are becoming clarified. 

The second part of the symposium was designed to describe the 
program under way at the Lung Division of the National Heart, 
Lung and Blood Institute and in the academic community to use 
the basic information on the protease-inhibitor balance in the 
lung to bring about eventual clinical trials of new agents that may 
~ prevent the progression of emphysema. This subject was alluded 
to in an editorial published previously in this journal (1). In this 
_ supplement the reader can evaluate the progress that has been 
made and that must be made before therapeutic trials willbecome 
feasible. 


Although I anticipate that my clinical colleagues will be inter¬ 
ested in reading much of the exciting biology and the clinical trial 
plans, I can also assume they will find some of the chemistry be¬ 
yond their areas of interest and knowledge. I can equally assume 
the reverse to be true for my chemically-oriented colleagues. 
However, because of the broad readership of the Review, I have 
encouraged each participant to write “state of the science” papers 
in their respective areas and to include, insofar as possible, suffi¬ 
cient background information to permit the broader audience to 
get a feel for progress in their areas. In particular, I expect that 
the articles of Dr. Powers and Dr. Glaser, which are highly chem¬ 
ical in nature, will have critical importance to the pharmaceutical 
and blood fractionating industry as well as to the usual audience 
of this journal. If, taken as a whole, this symposium triggers some 
young mind to propose an important new experiment, or if it 
brings the clinical* research, and industrial communities from 
their Tower of Babel into further useful dialogue about these 
problems, it will be well worth the time and effort of the 
contributors. ~ - . * ■ . . v . 

A final comment will facilitate the reader’s appreciation of the 
manuscripts. Investigators disagree on the best name for the pro¬ 
tein of central interest in the symposium. It is called alpha-1-anti¬ 
trypsin, alphas-proteinase inhibitor, alpha-1-protease inhibitor, 
and several other permutations of these names. In this regard, the 
manuscripts in the symposium accurately reflect the confusion in 
the literature, and the editors made no attempt to reconcile the 
warring factions. 

Allen B. Cohen; Editor 
Symposium Chairman 
Temple University, Philadelphia 


1. Cohen AB. Opportunities for the development of specific therapeutic 
agents to treat emphysema. Am Rev Respir Dis 1979; 120:723-7. 


I. Neutrophils, Their Elastases and Inhibitors in the Lungs 


Introduction 


Understanding the functions of the lung, in terms of its tissue 
structural composition and the enzymatic constituents of its cells, 
is a subject of the last decade. A symposium with these titles could 
not have been conceived as little as six years ago. This is partic¬ 
ularly true of the papers in this symposium focusing on clinical 
disease that may result from the enzymatic actions of neutrophils. 


Although much has been learned of the cellular and tissue inter¬ 
actions that induce tissue injury, the onset of disease concerns the 
action of other factors, such as inhibitors and the tissue milieu 
which influence the response and modulate the injury. This reg¬ 
ulation of tissue response may also distinguish acute injury from 
chronic states of imbalance which result in more profound ana¬ 
tomical changes in lung structure. These are areas of study which 
pose the prospect of not only clearer understanding of lung tissue 
injury in many different disease states, but also of devising ther¬ 
apies which prevent or control pathogenesis despite differences in 
the initiating agents. 


macrophages, and platelets. We are just beginning to explore how 

cellular constituents of these cells injure capillary endothelium, al- Gerard M 

’ veolar epithelium, and basement membrane. As is evidenced by Columbia Un 

these papers and the general theme of this symposium, the critical Robert W . 

/ -■questions being explored concern molecular interactions between Washingt 

^ ■ ^proteases, and particularly elastases, and the structural compo- A aaOoCCOCO 

nents of the alveolar capillary membrane. -v- ^ ^ 

■Jwk'- :V.....S0wf£e:h|tps://wvvw.inciusfrydocuments.ucsf.edu/crocs/rkKkO,QQO•. 


Gerard M. Turino, M.D., Editor 
Columbia University, New York City 
Robert M. Senior, M.D., Editor 
Washington University, St. Louis 
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Neutrophils in Normal Lungs’- 
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ALLEN B. COHEN and MICHAEL ROSSI JuLy/f.tA 
-V **&'&£**X:pp~- -• - f 1 * '+ 7 aV 1^4 - 


-;• ^ _&y*.. Introduction /. 

Investigators have implicated neutrophil 
proteases in a wide variety of human lung 
diseases. In particular, they have suggested 
that neutrophil proteases may destroy the 
lungs in individuals who lack the major 
serum proteinase inhibitor, alpha-l-anti- 
trypsin (also called alpha-1 ^proteinase in¬ 
hibitor), but who are otherwise normal. 
Therefore this report will address the ques¬ 
tion: Bo neutrophils and their potentially 
toxic byproducts enter the normal lungs, 
and if so, how and why? . y•?\rf:-„;.v l 

Evidence for the Role of Neutrophil 
Elastase in the Genesis of some Forms 
of Pulmonary Emphysema 

It has been well documented that individuals 
who Have very low blood concentrations of 
the serum proteinase inhibitor, alpha-I- 
antitrypsin, develop emphysema at an early 
a^(l^ v A^ha4-anthr^psin inhibits several 
'human enzymes’ that are calietd elastases be¬ 
cause of their ability to cleave native elastin. 
It has been established that elastases and 
neutrophil extracts from a number of 
species can produce emphysema-like patho¬ 
logic (2-4) and physiologic (5-7) abnormal¬ 
ities in animal lungs. Janoff et al i(8) showed 
that isolated human neutrophil elastase can 
produce emphysema-like lesions in dogs. 
Furthermore, alpha-1-antitrypsin has been 
demonstrated in alveolar macrophages and 
lung alveoli i of humans (9-1 IV . and neu¬ 
trophil r*have been found miung washes 
. from normal humans, dogs, cows, and 
monkeys (12) (Cohen et al, 1979, unpub¬ 
lished observations) and in alveoli of fixed 
rabbit lungs (13). Hunninghake et al (14), 
on the other hand, found few neutrophils in 


^ SUMMARY ThU report renews th* roi* of th* lungs In th* normal metabolism of neutrophils 
- ind the putative role of the neutrophil in liirtg metabolism. There ere many apparent connections 
between the peripheral supply of neutrophils and the lungs. Neutrophils develop from primitive 
:precursor cells Ih the bone marrow. Human alveolar macrophages secrete a factor that stlnv 
- ulates these precursors to prolifarate. The neutrophils leave the marrow at carefully controlled 
'V rates to keep the concentration of peripheral neutrophils constant Onca the cells enter the cir* 
' dilation, they are rapidly distributed between the marginated and circulating pools. Together 
* 1 these pools comprise the total blood neutrophil pool. A large part of the marginated pool occurs 
' ’ In the lungs. Some agents that cause widespread sequestration of neutrophils In the lung capil¬ 
laries may cause endothelial cell damage; however, normally the neutrophils leave the circulation 
; -relatively rapidly, with hail lives from ZS to 7 h in different species. Inflammatory processes In- 
j crease flux rates et every step to allow the accumulation of neutrophils at sites of inflammation. 

Neutrophil* enter the lungs at low rates in normal animals and humans. When neutrophils are 
' stimulated to enter the lungs by repetitive lung washes, they enter the alVeoll first by enterihg the 
krteratitium of the lungs beneath Type II alveolar cells. They then appear to migrate through 
the alveolar basement membrane and exit between Type I and Type II ceils, lifting fragments of 
'“■ T,v the Type I cell with them into the alveoli. The neutrophil pool in normal rabbil air spaces 1* 6.1 * 
10*/g ol lung tissue, and 0.38-0.41 of the pool turns over per hour. 

^ ‘ Neutrophil migration into alveoli can be controlled by 2 chemotsctlc factors secreted by 
* human alveolar macrophages. One appears to be a low molecular weight lipid-like substance and 
the other a peptide. In addition,i the macrophages secrete an enzyme releasing factor that may be 
the same as the peptide chemotactic factor. This factor can release up to 12.5% of the neutrophil 
elastase from neutrophils that adhere to surfaces such as rmtliporo membranes. The factor also 
stimulates the release ol myeloperoxidase, another: azurophilic granule constituent of neu¬ 
trophils. The myeloperoxidase is capable of inactivating alpha-1-antitrypsin In the presence of 
hydrogen peroxide and halogen Ions. The net Interaction of these and other forces in the alveolus 
Is unclear. As long as the atpha-liantltrypsin Is intact, the lung architecture Is not destroyed with 
resultant emphysema. However, If the balance Is tipped by smoking or by the genetic deficiency 
of alpha-1-sotltrypsln, there appears to be sufficient neutrophil traffic in the otherwise normal 
King to account for the lung destruction seen in these situations. 

--- j •- AM'REV ftESPtft OIS127£3-St 


lung alveoli i of humans (9-11) ; and neu- neutrophil elastase which has been ingested 

trophiir*have been found Tniung washes by the macrophage. Taken together, these 

. from normal humans, dogs, cows, and observations make a strong case for the role 

^monkeys (12) (Cohen et al , 1979, unpub- of neutrophils in the production of empHy- 

lished observations) and in alveoli of fixed sema in smokers and alpha-1-antitrypsin 

rabbit lungs (13), Hunninghake et al (14), deficient persons. It therefore becomes im- 

on the other hand, found few neutrophils in portam to understand why neutrophils oc- 

normal human lung washes but many in* cur in the normal lung, what controls their 





washes from smokers. These data led inves- 
. tigators to formulate the hypothesis that 
emphysema in patients with a deficiency of 
«Ipha-1-antitrypsin may, be caused by the 
unrestrained action of neutrophil elastase in 
the lungs. In addition* since the deficiency 
in alpha-1-antitrypsin is the primary defect 
in these patients, it seems likely that the in¬ 
hibitor protects the lungs against damage 
from enzymes that occur in lungs of normal 
persons. * « ; ' - 

An association between alpha-1-antitryp¬ 
sin deficiency and smoking recently was 
provided by sludies showing that smoking 
reduced the functional elastase inhibitory 
capacity of humans (15, 16). In addition, 
Rodriguez e/ fl/(17) and Hinman et al (12) 
showed! that alveolar macrophages from 
smokers secrete an elastase that may be 


influx, how the influx can be modulated, 
and what happens to the constituents of 
neutrophils that gain access to the lungs. 
These problems are the subject of this 
discussion: 

Neutrophil Origin, Distribution and 
Fate in Normal Animals 
Whereas many investigators have spec¬ 
ulated about the ultimate fate of the neu- 
Irophit after it leaves the circulation, few, 
studies of this phenomenon have been car¬ 
ried out* and to our knowledge no studies 
of the ultimate fate of lysosomal enzymes 
or other celltilar constituents,, Le., mem¬ 
branes, have been carried out in vivo in the 
normal lung. 

The discussion of neutrophils in normal 
lungs will be prefaced by a short discussion 


of neutrophils in the whole organism (figure 
1). Neutrophil life cycles have been exten¬ 
sively studied in the last 2 decades. The 
kinetics of granulocyte production and re¬ 
lease by the bone marrow have been exten¬ 
sively reviewed (18-20). - v 

Neutrophils are derived from primitive 
precursors in the bone marrow. They enter 
a mitotic pool that is a conceptual pool in 
the bone marrow rather than a physical 
space. As they mature they migrate into a 
reserve pool (marrow neutrophil reserve 
pool) of relatively mature neutrophils that 
are readily accessible to the circulation. 
Neutrophils migrate into circulation on a 
regular basis to replace those leaving the cir¬ 
culation or to respond to an infection. 
These various functions of the bone mar¬ 
row may be under humoral control under' 


1 Departments of Medicine and Physiology. 
Temple University School of Medicine, Phila¬ 
delphia, Pennsylvania, 

■ 3 Supported by USPHS Grant 5 POI HL 
20994 from the Lung Division of ihc National 
Heart, Lung and Blood Institute, 
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Fig. 1. Diagram of the life cycle of the neutrophil as it relates to the lungs. See text for details. 
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certain circumstances. Alveolar mac¬ 
rophages produce a “colony stimulating 
factor” that stimulates bone marrow cells in 
vitro to proliferate (21), Egress of neutro¬ 
phils from the bone marrow can be stim¬ 
ulated by the C3e component of comple¬ 
ment (22), or by reintroducing concentrated 
lung lavage back into the airways (23). In 
addition, the leukocytosis that occurs dur¬ 
ing recovery from vinblastine-induced leu¬ 
kopenia can be transferred by the plasma of 
the recovering animals (24). 

.The neutrophils enter the bloodstream 
and are immediately distributed between a 
marginated and a circulating pool. To¬ 
gether these pools comprise the total blOod 
neutrophil pool. The marginated pool is 
demonstrated in the following fashion. 
Radioactivelylabeled neutrophils are intro¬ 
duced into the blood from a donor. Within 
* 5 minutes or less the labeled neutrophili are 
found to be diluted into a pool larger than 
the circulating neutrophil pool! If an agent 
that demargjnates neutrophili, such: as 
_ epinephrine, is then introduced into the cir¬ 
culation, these neutrophils rapidly re-enter 
the circulating pool of neutrophils. It has 
been demonstrated!that one of the largest 
pools of marginated neutrophils is in the 
lungs. 

After entry into the circulation, the neu¬ 
trophils rapidly leave the circulation in a 
random fashion with a half-life of 3 to 7 
hours depending on the species studied (25, 
26). Once the neutrophils leave the circula¬ 
tion by attrition or by collecting at a site of 
infection, they do not return. 

Role of the Lung in Neutrophil 
Clearance from BlOod of Normal 
Animals 

- Although tittle was known until recently 
about the role of the lungs in the clearing of 
neutrophils in normal animals,,it' hadibeen 
suggested that the lungs might be a major 
site of clearance of neutrophils from the cir¬ 
culation. THe rolt of the lungs in clearance 


of neutrophils will be described in the fol¬ 
lowing discussion. 

Early studies of neutrophil flux in the 
lung were performed by Bierman and col¬ 
leagues (27; 28). These investigators meas¬ 
ured differences in neutrophil concentra¬ 
tions in pu lino nary artery and peripheral ar¬ 
terial blood land foundithat the pulinonary 
circulation was capable ofrapidly removing 
and delivering vast quantities of leukocytes 
from the marginated into the circulating 
neutrophil pool, as well as storing and de¬ 
stroying leukocytes (29). Respirations can 
rapidly change the number' of! neutrophils 
trapped in the lung (27), andj during cross- 
transfusion, the ltmg was capable of remov- 
ing all of the infused leukocytes (27). How¬ 
ever, ,the prior administration of heparin in 
doses up to 6 mg/kg made it possible for 
approximately 10 to 30% of the anticipated 
number: of leukocytes to enter the arterial 
circulation following the transfusion of 
large numbers of leukocytes. With the re¬ 
turn of the clotting toward normal, there 
was a prompt withdrawal of these leu¬ 
kocytes from the peripheral lircul&tion. 
Withdrawal of leukocytes from the periph¬ 
eral circulation was also initiated by the ad¬ 
ministration ofihistamine (™). Similar find¬ 
ings occurred following the administration i 
of nicotinic acid, colloidal Isubstances such i 
as saccharated iron-oxide, plasmoid, and 
gelatinior heterospeeific blood. In each in¬ 
stance, while the return to normal livel usu¬ 
ally occurred within a predictable time, 
there was no evidence of overcompensation 
with a redelivery of such i withdrawn leu¬ 
kocytes back into the peripheral! circula¬ 
tion. The control leukocyte level!was reat¬ 
tained within 8 to 10 min after histamine 
administration i in the normal animals, but 
about 60 min following nicotinic acid; 

Recent Studies of Neutrophil 

Traffic in the Normal Lungs 

Based on the studies reviewed above and 
others, investigators suggested that the 


■ C ^COHEN and ross* 

lungs were a major clearance organ of neu¬ 
trophils. However, lung morphologists as¬ 
sert that it is very difficult'to find neutro¬ 
phils in normal lungs. In our first series of 
studies, we examined ithe statement of Bier¬ 
man and colleagues (27) that there was an 
arteriovenous difference of neutrophils 
across the lungs and then we measured the 
alveolar neutrophil pool size (13). 

Animal preparation^ Rabbits were anes¬ 
thetized and a tracheostomy was performed 
(figure 2A), The rabbits were artificially 
ventilated for the short time (about 10 min) 
necessary to open the chest and draw right- 
and left-sided heart blood by direct cardiac 
puncture. They were then killed by adminis¬ 
tration of pentobarbital sodium. The heart 
and lungs were removed. The lungs, can- 
nulated withi two preweighed catheters, 
were divided and weighed. One lung was la- 
vaged with six 25-ml aliquots of saline, 
0.9%. Then both lungs were fixed in solu¬ 
tion under a constant pressure of 25 cm for¬ 
maldehyde. 

Quantification of lung neutrophil pool 
size. The numerical density of panicles or 
structures, in this case neutrophils (N v , as 
neutrophils per unit lung volume), is related 
to the numerical density in a unit area (N 4 , 
as neutrophils per unit area) of lung secre¬ 
tion by the following equation 

N. = N/D ( 1 ) 

where D is the mean neutrophil diameter 
(17). If the subscripts w or u refer to data 
from the washed or unwashed lungs, re¬ 
spectively, then the following expression: 

NL/Kmi = (N,yD)/(N #v /D) = N^yN M 


equals the fraction of the initial number of 
neutrophils remaining in the washed lung. 
Therefore, the neutrophils in the lungs can 
be quantified by the equation , 

CVP/(L - (N < /tJ/(N ll /a ll ))l + 
W/W.l CVP/0 - (N^aJ/iN/aJ)! 

(3) 

where “C* is the concentration of cells in 
the lung wash, “V” is the volume of the lUng 
wash, “P” is the percentage of cells in the 
lung wash that are neutrophils, “N” is the 
number of neutrophils counted in the al¬ 
veoli of a lung section, “a” is the area in 
which the neutrophils were counted, and 
“\V” is lung weight before Uvage. To com¬ 
pute the number of neutrophils per rabbit, 
it was assumed that the number of air space 
neutrophils is proportional to the prewash 
weight of the lungs. The number of neutro¬ 
phils pen gram of lung was computed by di¬ 
viding the number of lung neutrophils by 
the lung weight. 

Quantification of air space neutrophils in 
the lungs. The results of these studies showed 
there were no significantidifferences in total 
leukocyte count or neutrophil concentra¬ 
tion in right ventricular or left ventricular 
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Flg.2. Measurement of air space neutrophil poof size In rabbits. A. Morphometric analysis of alveolar 
neutrophil pool size. Because area densities are proportional to volume densities, we determined the 
ratios of the area densities of neutrophils In air spaces of washes and unwashed lungs and the number 
of neutrophils washed out From this data we calculated the alveolar neutrophil pool sl 2 e. B. Neutro¬ 
phils in a normal alveolus of a rabbit (Original magnification: x400). 
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Although there was no discernible neu¬ 
trophil removal by the lungs by examining 
ziteriovenous differences across the lungs, 
there were clearly neutrophils on the air side 
of normal lungs (figure 2B). 

Cell icounts in lung washes of 8 animals 
are shown in table 1. Additional data were 
collected (n = 14) where only the percent¬ 
age neutrophils in the lung wash and yield 
of neutrophils from the lung wash was ob¬ 
tained in animals killed without prior anes- 
' thesia or artificial ventilation. The mean 
percentage neutrophik was 2.13 ± 2.54 
(SD)% and the mean recovery of neutro¬ 
phils from the lavage fluid was 4.0 x 10 s ± 
4.44 x 10* (SD)/rabbit lung. 

The fixed lungs were examined morpho¬ 
metrically as described above. The results 
are shown in table 2. These morphometric 


methods and the unique morphologic char¬ 
acteristics of neutrophils enabled us to 
measure the size of the pool'of neutrophils 
in alveoli'of rabbit ltmgs. Rabbit lungs con¬ 


tained an estimated 6.11 X 10 4 alveolar 
neutrophils/g wet wt of lungs, and 9.57 x 
10 s alveolar neutrophils/rabbit. Lung la¬ 
vage was successful in removing an average 
of 42.2% of the neutrophils in the air-con¬ 
taining spaces of the lungs. 

Turnover Time of Alveolar Neutrophils 
The next series of experiments was designed 
to determine the turnover time of the al¬ 
veolar neutrophil pool (30). In these experi¬ 
ments, radioactive neutrophils were in¬ 
jected into the blood of recipient rabbits. 
At intervals, the blood was drawn and the 
specific activity of the blood neutrophil was 
determined (figure 3). 

One group of animals had their neutro¬ 
phils labeled with ‘H-thymidine. Seventy- 
two hours later 30 ml of blbod was drawn 


from recipient and donor animals, and the 
radioactive blood was infused intravenously 
in the recipient for more than 5 min. At dif¬ 
ferent times, blood samples were withdrawn 
and neutrophils were isolated, counted in a 
Coulter Counter, and the radiation meas¬ 
ured in a scintillation spectrometer (data 
not shown). The radioactivity in the lung 
washes of these animals was too low to 
measure. However, the clearance of the 
blbod neutrophils was identical to those in 
the second group (see following). 

In a second group of animals, donor rab¬ 
bits were injected intraperitoneally with 
oyster glycogen to stimulate the influx of 
neutrophils. Four hours later* saline lavage 
recovered a pure population of neutrophils 
that was labeled in vitro with ‘"Indium 
oxime ( m In). At intervals, the blood was 
sampled and the specific activity of the neu¬ 
trophils was calculated from white blood 
cell I concentration* differential counts, and 
radioactivity (Figure 3). 

At the end of each ■ experiment* the in¬ 
dium-labeled animals were killed and! the 
lungs washed with 0.9% sodium chloride. 
Total cell counts were measured and the 
percent of neutrophils determined. The 
curve of lung neutrophil specific activity is 
shown (figure 3). All radioactivity was in 
the cell pellet after centrifugation. The 
turnover time was measured by the relation¬ 
ship described by Zilversmit (31). The de¬ 
termination of the fractional turnover rate 
(k) (fraction of a pool turning over per unit 
time) was determined from 5 to 9 h (after 
steady state was reestablished) by the fol¬ 
lowing relationship 3 
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Air Space 
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Neutrophils 

Neutrophiits/S 

Total Lung Wt, 

NCutrophiils/g 

Washed Out, 

Rabbit,' x 10* Q/rabbit 

Lung x 10* 

% 

937 

118 

6.11 

42 2 

± 9.31 

± 4.07 

± 3.6 

± 10.4 
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Fig. 3. Neutrophil turnover In blood and lungs. 
Blood neutrophil turnover was calculated from 
the curve of the change In specific activity of 
Indium-labeled neutrophils In rabbit blood and 
lung washes. Blood neutrophil specific acllvity 

D-□. Alveolar neutrophil specific acllvity 
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Fig. 4. Anatomy of neutrophil migration into dogs' lungs after repetitive lung washes. A. Scanning electron micrograph. Massive influx of neutrophils into 
lungs after two previous lavages showing neutrophils in alVeoli that are entangled in epithelial cellular debris (Original magnification: x 1300). B. Scanning 
electron micrograph. Type II epithelial cell with a prominent celt attached and one released in the air space {N);(Origiha! magnification: x 5000)1 C. Neutro¬ 
phils in interstitium between capillaries and a Type iI cell (It) (Original magnification: x 11,000). D. Neutrophil (N) Outside basement membrane covered by a 
Type I Cell 0) adjiacent to a Type II c«M (If) (Original magnification; x 11,000).' EL Neutrophili(N)l in alveolus with epithelial debris (Original magnification: 
x 15,000).. .■ ^ ^ 
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in which: S B = the blood neutrophil spe¬ 
cific activity, S A = the alveolar neutrophil 
* specific activity, t, = 5 hi tj = 9 h. This re¬ 
lationship makes no assumption of linearity 
r-; of "the rate of change of blood specific ac¬ 
tivity. Turnover time (tj of the alveo¬ 
lar neutrophil pool was determined by the 
relationship: ^ - i.: 

" 'sir. ^W.i••]' ’ '•' >*.- .7 - 4 >-t 1 

l = *« / ; 

The k was 0.38 - 0.41 per h and t^ was 2.63 
h. The circulating neutrophil Ipool was 45% 
of the total blood neutrophil pool! 

" These experiments arc the first quantita¬ 
tive direct estimates of the turnover of neu¬ 
trophils in' an extravascular pool. The re¬ 
sults have importance to several areas of in¬ 
vestigation: Bierman and colleagues sug¬ 
gested that the lung was a significant site of 
egress for neutrophils (27, 29). This hy- 
jiothesis can be examined in the follow- 1 
ing manner The average basal neutrophil' 
V concentration of the blood of the rabbits 
“ was 6.2 x 10 4 cells/ ml with 50% 
neutrophils. Ifi the rabbits had an average 
blood volume ofi about 57 m!/kg (32), and 
the circulating neutrophil pool represented 
45% of the total blood neutrophil pool, 
then the total blood neutrophil pool was 


about 3.9 x 10* cells per kg. Because the 
average half-life of the blood neutrophil in 
this study was 4.5 h, the average turnover 
time was 6.48 h or 3.7 turnovers per day. 
Then, about 1.44 x 10* blood neutrophils 
turn over per kg of rabbit each day. 

A similar calculation can be carried out 
for neutrophils in air spaces. The pool size 
ofalveolarneutrophilsis6.il x lOVglung 
(S.D. = 3.6)(13 )j There were 4.94 gofiung 
per kg weight of rabbit (13) and a turnover 
lime of 2.63 h* or 9.1 turnovers per day. 
Therefore 2.75 x 10* neutrophils turn over 
per kg of rabbit in the lungs per day and 
0.19% of the total neutrophil turnover of 
the bldod occurs in the lungs, so Bierman’s 
hypothesis (5, 7-9) is cltarly untenable. 

By What Route do Neutrophils Enter 
Atveoli after the Stimulus of Lung Lavage? 
Kazmierowski and colleagues (33) showed 
that lung washes cause chemotactic factors 
to be released into the lungs and neutrophils 
to migrate into the alveoli. 

In this study, repetitive lung washes were 
used to attract large numbers of neutrophils 
into the airways in order to identify the site 
of influx of alveolar neutrophils (34). The 
combined use of scanning and transmission 
electron microscopy made it possible to vis 1 - 


ualize the migration of neutrophils from the 
capillaries, through the interstitial spaces, 
and through the epithelium into the alveoli. 

The use of the scanning electron micro¬ 
scope (SEM) facilitated identification of 
areas of the lungs that were undergoing 
massive infiltration with neutrophils (figure 
4A). Hlgh-power SEM views of the alveoli 
in the areas of influx of neutrophili demon¬ 
strated that numerous neutrophils were at¬ 
tached to and migrating out' from around 
the periphery of the Type II cells (figure 
4B). Transmission electron micrographs in 
these areas also demonstrated the frequent 
occurrence of neutrophils in close associa¬ 
tion with Type II cells. Transmission elec¬ 
tron micrographs of sections (60 mm,thick) 
cut from the region shown revealed neu¬ 
trophils in the capillaries (not shown), in 
the interstitium (figures 4C and D), and in 
the air spaces (figure 4 E)j The photomicro¬ 
graphs show neutrophils progressively 
closer to the alveolar space. A neutrophil lin 
the interstitium adjacent to the capillary 
and in cldse proximity to a Type II cell I is 
seen in figure 4C. The association of neu¬ 
trophils adjacent to Type II cells was a very 
common occurrence in the region where 
cells were observed'in the air spaces. The 
neutrophil in figure 4D is seen completely 
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Rfl. 7. Schematic diagram of the putative chemi¬ 
cal events that occur in alveoli, relating macro¬ 
phages, neutrophils, and lung tissues. See text tor 

details. . .., ii-. 

identical to the high molecular weight che- 
. motactic factor described by others (35). 
However, the identity of this factor cannot 
be fully determined until it is isolated. 

The lysozyme-releasing activity of the 
ERF was partially destroyed and reduced in 
size by trypsin. The elastase-releasing ac¬ 
tivity and lysozyme-releasing activity were 
destroyed by chymotrypsin but unaffected 
by neut ro ph i I elastase. ■ . • * ’ - 

Because it has been shown that more al¬ 
veolar macrophages (44) and neutrophils 
(45) are recoverable from lung washes of 
cigarette smokers, and because neutrophils 
are found <in alveoli of normal animals (13), 
the introduction of these macrophage fac¬ 
tors may cause the release of elastases and 
promote the degradation of lung elastin in 
smokers. ^ 

The HMW factor caused a 30% increase 
in release of elastase from neutrophils, 
compared with untreated control subjects. 
Individuals who are homorygotes for 
alpha-1-antitrypsin deficiency (PiZ) have 
about 15% of normal blood concentrations 
of alpha-1-antitrypsin and almost all of 
them develop emphysema (1). Individuals 
who are heterozygotes for alpha-1-antitryp¬ 
sin deficiency have about 50% of normal 
blood levels, and it has been difficult to de¬ 
termine whether they develop emphysema 
as a result of this lesser deficiency. Tltere- 
fore 30% differences in elastase released in¬ 
to the lung may be a critical determinant in 
the development of emphysema. 

The release of myeloperoxidase by the 
ERF alio may be important in the genesis of 
emphysema. Matheson and colleagues (46) 
showed that' myeloperoxidase inactivates 
alpha- l-antitrypsin in the presence of halide 
ions and hydrogen peroxide, and both rest¬ 
ing and activated lung macrophages secrete 
hydrogen peroxide into their immediate en¬ 
vironment (47,48). The HMW factor in the 
area of the macrophage may initiate the re¬ 
lease of the myeloperoxidase, which could 
then destroy alpha-l-antitrypsin. Therefore 
the HMW factor may cause the release of 
neutrophil elastase and an agent that de¬ 
stroys its major inhibitor in the lungs. These 
phenomena, diagrammed in figure 7, may 
alter the alveolar environment to permit the 
lung destruction seen in emphysema. 


Flux of Neutrophil Elastase Through the 
\ Lungs -3T 

Using the data described above, a first ap¬ 
proximation of neutrophil i elastase load ih 
the alveoli can be made if one is willing to 
assume that use of data among different 
species is a valid approach. Human lungs 
weigh about 1 kg (49). The percentage of 
neutrophils in normal human lung washes is 
about the same as in rabbits, e.g., about 
2.5% (12, 50, 51). Therefore the assump¬ 
tion of a similar pool size of alveolar 
neutrophils is probably reasonable. From 
our earlier studies, the pool size of air space 
! neutrophils in rabbits is 6.1 x 10 4 per g of 
lung tissue (13). Therefore if human lungs 
have a similar pool size, there are about 6.1 
x 1(T air space neutrophils in human lungs. 
The half-life of blood neutrophils in rabbits 
> is about 68% of that in humans or dogs, so 
the turnover of various pools may be some¬ 
what slower in man but probably less than 
tenfold slower. If air space neutrophils have 
the same turnover rate in the 2 species, then 
alveoli will encounter 5.5 x 10* neutrophils 
per day, or 2.0 x 10" neutrophils per year. 
Because human neutrophils contain about 
0.32 hB of elastase per million neutrophils 
(42)j ,the lungs would be exposed 'to a maxi¬ 
mum load of 64 mg of elastase per year. As 
noted above, the ERF from normal 
smokers’ macrophages on neutrophils could 
cause the release of 12.5% of the elastase 
from neutrophils. If this experiment reflects 
; events in the alveoli, them Human lungs 
could be exposed to 8.1 mg of neutrophil 
elastase in the course of a year. This amount 
is far in excess of the amount needed to pro¬ 
duce emphysema in dbgs (8), and therefore 
might be sufficient to cause emphysema if 
left uninhibited in the alveoli of patients. 
This analysis of existing data shows that 
these estimates may be in error by a factor 
of two- or threefold, but are very unlikely to 
be in error by a factor of as much as tenfold. 

If estimates of neutrophil loads in ,lungs 
are relatively accurate, then it is possible 
that individuals with'PiZ phenotype (1) for 
alpha-l-antitrypsin or with a local defic¬ 
iency of alpha-l-antitrypsin from cigarette 
smoking (15, 16) may develop emphysema 
from the unrestrained action of neutrophil 
elastase on the lungs. Future efforts in this 
area could profitably be applied to deter¬ 
mining the fate of the elastase that is released 
from alveolar neutrophils into the tissue 
and fluid compartments of the lungs. 
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**. ^ 0 ^ Sw 1 ** ■*****£ £smaJler factor was between 400 and 600(36) 

-jf | —————jV' ‘ 1 and Mr of the larger one was about 10,000 
"j’k y m 1 ‘ Ux f (35). The latter is partially destroyed by 

if -jf J I, \ r tiypsin (35) and is therefore probably a pep- 

XjA 1 m ' ,V .‘ \ ' tide, while the former may be related to an 

/ ^ fifr* ';vk \ araehidonic acid metabolite (36). 

I fl v bw\ Because normaJ macrophages seem to 

I 0 w Sf^™' r . A secrete these factors (36, 37) and smokers’ 

I . macrophages secrete more of these factors, 

I QcfoJ *&&*£**&*&* 14 15 perhaps not surprising that smokers 

V £ I v id ; aunom® ,l£ fr/J have more neutrophils in their lung washes 

\ V _III__ H than nonsmokers (12). One might suggest 

\|i i EEC SCO L-C / that if the lung needs rapid access to ncu- 

’ N ^V $ ; kV^'f .Tv- trophils in case the macrophagic defense 

:;| :7S*Pi&*S>i' t&£yr /. ^system is overwhelmed by microbes, it 

*ik - wou ^ he advantageous to have the mech- 
' ' ‘Ck? anism for generating chemotactic agents in 

place and functioning at a low level and 
no. 5 Schema fc dltgrem ot t^route M "» rcady d quicklJf t0 iaJ1 overwhelm- 

trophiils tike to enter kings and quantitative . J ^ 7 

aspects ot the ent.aec. ot neutrophil, into the ‘"8 bactenall invader. This adaptive re- 
no.malilungsolrsbt.itt. See text for details. : '“;sponse may explain why the low levellof 
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extruded from the interstitium but still 
covered by the Type I epithelial cell j The 
neutrophil in the air space, with remnants 
of the epithelial, cells seen attached to the 
cell and breaking away from the alveolar 
wall, is seen in figure 4E. 

In summary, the influx of neutrophils in¬ 
to the alveoli was stimulated by lung lavage 
(figure 5). Electron micrographic study of 
these stimulated' hings demonstrated that 
neutrophils migrate from the capillaries in¬ 
to the interstitium and then migrate be¬ 
tween Type II and Type I cells into the al¬ 
veolar space. The actual migration into the 
alveolar spaces is effected by breaching the 
alveolar cell basement membrane and lift¬ 
ing off the alveolar Type I cell membrane. 
Neutrophils carry fragments of Type I cell 1 
membranes into alveoli when they migrate 


emphysema in persons who lack functional 
alpha+1 -antitrypsin in the lungs, then either 
this low level of neutrophil traffic supplies 
the necessary elastase to effect' the lung 
changes over 30 to 50 years or the elastase is 
supplied by acute bursts of neutrophil traf¬ 
fic through the lungs such as may occur, for 
example, during respiratory’ infections. 
There is currently no data to suggest that 
such bursts occur in the lungs of otherwise 
normal persons. The topic of chemotactic 
factors in lungs is addressed more fully by 
Dr. Reynolds in this supplement. , .. 


into the alveolar space. 


Control of Neutrophil Movement into 
Lungs 

In order to study neutrophils in normal ani¬ 
mals, it is necessary to determine what 
physiologic and chemical forces control 
neutrophil movement and neutrophil 
granule deposition in the lungs. As noted 
above, the importance of chemotactic at¬ 
traction of neutrophils to the lungs was re¬ 
cently, highlighted in studies by Kazmierow^ 
ski and colleagues (33), who found that 
repetitive lavage of monkey lungs resulted 
in a change from' macrophages to neu¬ 
trophils as the predominant cell in the la¬ 
vage fluid. In addition, they described two 
chemotactic factors with estimated mass 
ratios (Mr) of 5,000 and 15,000 in the la¬ 
vage fluid (33). One was immunologically 
related to C5 and the other was produced 
by the alveolar macrophages. Chemotactic 
factors from human alveolar macrophages 
were subsequently described by Merrill el al 
(35) and HunningHake et al (36), who found 
that human macrophages secrete 2 che¬ 
motactic factors. The estimated Mr of the 


Fate of Neutrophils in the Normal Lungs 
Little is known of the fate of the neutro¬ 
phils in the normal lungs. The following 
possibilities exist: (7) clearance up the air¬ 
way, (2) return to the circulation, (J) 
Vjdegranulation, (4) phagocytosis by macro- 
''phages, (5) lysis and clearance of compo¬ 
nents, (6) clearance into the lymph, and (7) 
some combination of the above possibilities. 

Very little data currently exist to impli- 
- tW* t v-m.vR**-** : ' ’a . j 












cate one route or ^another. In previous 
studies, we showed that although one could 
find neutrophils in macrophages of differ¬ 
ent species (figure 6), this seemed to be a 
rare occurrence. More neutrophil phagocy¬ 
tosis by macrophages may occur in abnor¬ 
mal conditions (38); however, when rabbit 
neutrophils were added to autologous rab¬ 
bit alveolar macrophages in vitro; very little 
uptake was seen (13). Campbell and col¬ 
leagues have determined that alveolar mac¬ 
rophages have surface receptors for human 
neutrophil elastase (39). This phenomenon 
may account for some of the clearance of 
neutrophil elastase in the lungs. 

Because only those mechanisms that 
might result in the introduction of elastase 
into the Iting interstitium or into the 
alveolus are relevant as a source of enzyme 
which may produce emphysema, only pos¬ 
sibilities 3, 5, and 7 are important for this 
discussion- Some data are available regar¬ 
ding neutrophil degranulation- It is well 
known that neutrophili degranulate in the 
presence of certain chemotactic factors 
such as C5A when cytochalasin B is added 

(40) or in the absence of cytochalasin B 
when the neutrophils adhere to membranes 

(41) . Others have demonstrated neutrophil 
degranulation by chemotactic factors from 
human alveolar macrophages treated with 
cytochalasin i B; however, they have found l 
that the low molecular weight factor causes 
only degranulation of specific granules that 
do not contain elastase or myeloperoxidase. 

We have determined that human alveolar 
macrophages secTete an enzyme releasing 
factor (ERF) capable of causing release of 
myeloperoxidase, lysozyme, and elastase 
from cytochalisin B-treated human neu¬ 
trophili and release of elastase from neu¬ 
trophils associated with millipore mem+ 
branes in the absence of cytochalasin B 

(42) . Based on the calculation of Kruze et al 

(43) , one can estimate that the ERF released 
about 12-5°To of the elastase in the neu¬ 
trophils. It seems likely that the factor is 
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Fig. 6. Degranulited neutrophil that appears to he 
bit (Original nxagniticatton: x 1.000J. 


In an alveolar macrophage in the lung wash of a rab- 
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Flux of Neutrophil Elastase Through the 
;X\r.w' : Lungs « , srii k* 

Using the data described iabove, a first ap¬ 
proximation of neutrophil elastase load in 
the alveoli can be made if one is willing to 
assume that use of data among different 
species is a valid approach. Human lungs 
weigh about 1 kg (49). The percentage of 
neutrophils in normal human lung washes is 
c about the same as in rabbits, e.g., about 
2.5% (12, 50, 51). Therefore the assump¬ 
tion of a similar pool size of alveolar 
neutrophils is probably reasonable. From 


Fig. 7. Schematic diagram of the putative chemP 
cat events that occur In alveoli, relating macro- 
phages, neutrophils, and long tissues. See text foe 

■ detail! ^ , 4 , ■ —- 

. # ' -v , v-‘ s - ■'a-'/c "‘ .vf' 'our earlier studies, the pool sizeof i air space 

neutrophils in rabbits is 6.1 x I0 4 per g of 
-•vs;. - •' fcdivM.‘sinA.TS**- j? t lssuc (] 3 ) Therefore if human lungs 
.• "'identical to the high molecular weight che- have a similar pool size, there are about 6.1 
. motactic factor described by others (35). x lo 7 air space neutrophils in human lungs. 

■ However, the identity of this factor cannot The halfdife of blood neutrophils in rabbits 
:Vbe fully determined until it is isolated. .:■< | s about 68% of that in humans or dogs, so 
The lysozyme-releasing activity of the the turnover of various pools may be some- 
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ERF was partially destroyed and reduced in 
size by trypsin. The elastase-releasing ac¬ 
tivity and lysozyme-releasing activity were 
destroyed by chymotrypsin but unaffected 
by neutrophil elastase. - - : - • * j .t: • 
Because it has been shown that more al¬ 
veolar macrophages (44) and neutrophils 
(45) are recoverable from lung washes of 
cigarette smokers, and because neutrophils 
' are foundiin alveoli of normal anima!s(13), 
the introduction of these macrophage fac¬ 
tors may cause the release of elastases and 
promote the degradation of lung elastin in 
smokers. i - * ■*■3^* > * v i 

The HMW factor caused a 30% increase 
in release of elastase from neutrophils, 
compared with untreated control subjects. 
Individuals who are homozygotes for 
alpha-1-antitrypsin deficiency (PiZ) have 
about 15% of normal blood concentrations 
* of alpha-l-antitrypsin and almost all of 
them develop emphysema (1). Individuals 
who are heterozygates for aljiha-1 -antitryp- 
' sin deficiency have about 50% of normal 
blood levels, and it has been difficult to de¬ 
termine whether they develop emphysema 
as a result'of this lesser deficiency. There- 
' fore 30% differences in elastase released in¬ 
to the lung may be a critical determinant in 
the development'of emphysema. 

\ The release of myeloperoxidase by the 
ERF also may be important in the genesis of 
emphysema. Matheson and colleagues (46) 
showed that myeloperoxidase inactivates 
- alpha-1 ^antitrypsin in the presence of halide 
ions and hydrogen peroxide, and both rest¬ 
ing and activated lung macrophages secrete 
hydrogen peroxide into their immediate en¬ 
vironment (47, 48). The HMW factor in the 
area of the macrophage may initiate the re¬ 
lease of the myeloperoxidase, which could 
then destroy alpha-1-antitrypsin. Therefore 
the HMW factor may cause the release of 
neutrophil elastase and an agent that de- 
' stroys its major inhibitor in the lungs. These 
phenomena, diagrammed in figure 7, may 
alter the alveolar environment to permit the 
lung destruction seen in emphysema. 


what slower in man but probably less than 
tenfold slower. If air space neutrophils have 
the same turnover rate in the 2 species, then 
alveoli'will encounter 5.5 x 10* neutrophils 
per day, or 2.0 x 10" neutrophils per year. 
Because human neutrophils contain about 
0.32 pg of elastase per million neutrophili 
(42); the lungs would be exposed to a maxi¬ 
mum load of 64 mg of elastase per year. As 
noted above, the ERF from normal 
smokers’ macrophages on neutrophils could 
cause the release of 12.5% of the elastase 
from neutrophils. If this experiment reflects 
events in the alveoli, then human'lungs 
could be exposed to 8.1 mg of neutrophil 
elastase in the course of a yean This amount 
is far in excess of the amount needecHo pro¬ 
duce emphysema in dogs (8), and therefore 
might be sufficient to cause emphysema if 
left uninhibited in the alveoli of patients. 
This analysis of existing data shows that 
these estimates may be in error by a factor 
of two- or threefold, but are very unlikely to 
be in error by a factor'of as much as tenfold. 

If estimates of neutrophil loads in lungs 
are relatively accurate, then it is possible 
that individuals with PiZ phenotype (1) for 
alpha-1-antitrypsin or wi:h a local defic- 
iency of alpha-1-antitrypsin from cigarette 
smoking (15, 16) may develop emphysema 
from the unrestrained action of neutrophil! 
elastase on the lungs. Future efforts in this 
area could profitably be applied to deter¬ 
mining the fate of the elastase that is released 
from alveolar neutrophils into the tissue 
and fluid compartments of the lungs. 
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Introduction 

In 1963, Laurell and Erickson (1) recog¬ 
nized a higher than expected!incidence of 
lung disease in patients with an inherited 
deficiency, of alpha 1 protease inhibitor 
(AlPi). Since that time, Janoff and Scherer 
(2) have demonstrated that the granules of 
human neutrophils contain proteolytic en¬ 
zymes with activity at neutral pH, whereas a 
number of other investigators have shown 
that the intratracheal administration (3, 4) 
of neutrophil clkstase (NE) induces experi¬ 
mental emphysema in laboratory animals. 
These data have prompted the notion that a 


relative excess of NE in the lung leads to 
elastic tissue disruption and pulmonary em¬ 
physema. The fact that the majority of pa¬ 
tients with emphysema have normal serum 
levels of AlPi suggests that if such a pro¬ 
tease pathogenesis theory is correct, periods 
of imbalance between elastolytic enzymes 
and elastolytic inhibitors must exist in the 
lung. Accordingly, a number of labora¬ 
tories have sought to identify, factors that 
either diminish lung anti protease activity or 
increase NE activity in. the lung. In this 
report we shall address our attention to the 
data regarding factors that increase NE ac¬ 


tivity either intracellularly or after the en¬ 
zyme has been released; from neutrophil 
granules. 


* From the Department of Medicine, Universi¬ 
ty ofi California, San Diego, and i Division of 
Pulmonary and Critical Care Medicine, Veterans 
Administration Medical Center, San Diego, 
California. 

1 Presented in part at the Annual Meeting of 
the American Thoracic Society, Detroit, Michi¬ 
gan, May 10, 1981. 

J Requests for reprints should be addressed to 
Dr. Stewart A. Lonky, Veterans Admimstraiidn 
Medical Center, San .Dicgoj CA 92161. 
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The Intracellular Regulation of 
.Neutrophil Elastase 

. ? r^S>/i/Aesw o/ /Ae Enzyme ; P 
In the mature neutrophil i elastolytic en-' 
zyrric activity is found in the azurophilic 
granules (5-7). These granules are formed 
only during the promyelocyte stage of neu¬ 
trophil development (6), and are subse¬ 
quently distributed to daughter cells follow¬ 
ing cellular mitosis* Mitotic divisions cease 
after the myelocyte stage, and further cell 
' maturation is accompanied by a decrease in 
cellular organelles essential for protein syn¬ 
thesis. Specifically, the nuclear chromatin 
becomes coarsely dumped, nucleoli disap¬ 
pear, and there is a dramatic reduction in 
free ribosomes and rough endoplasmic reti¬ 
cula (8): These findings suggest that the 
elastase content of the mature neutrophil is 
determined during the early stages of granu¬ 
lopoiesis. However, Granelli-Pipemo and 
assodates (9) have shown that more than 
60% of mature human neutrophils isolated 
from peripheral blood retain the capacity to 
synthesize RNA and other proteins. Id ad¬ 
dition^ both neutrophil biosynthetic activity 
and the release of newly synthesized macro¬ 
molecules are influenced by a variety of 
chemicals. ■ ~ wsil 

Clark and coworkers (10), using cyto- 
chemical techniques, found evidence for the 
existence of elastasc-like enzymes within the 
nuclear envelope, endoplasmic reticulum, 
golgi complex, and some granules of circu- 
lating neutrophils. Thus it appears that the 
circulating neutrophil is capable of NE syn¬ 
thesis. Whether factors that increase NE ac¬ 
tivity act at the level of neutrophil!precur¬ 
sors or on mature neutrophils is yet to be 


ment of COPD, and that other factors, 
such as the status of lung antiprotease activ¬ 
ity, also play an important role in determin¬ 
ing the presence or absence of clinical 
disease. - %... ... 

Attempts to correlate the level of NE in 
peripheral blood with disease severity have 
not been uniformly successful. Although 
Kidokoro and coworkers (15) found more 
llmg hyperinflation and more severe impair¬ 
ment of carbon monoxide diffusing capaci* 
ty in PiZZ patients with higher NE levels, 
Rodriguez and assodates (13) failed to find 
any such correlation in COPD patients with 
the PiMM or PiMZ phenotype. Additional, 
well controlled studies are necessary before 
this issue can be resolved; but it is reason¬ 
able to believe that NE levels are one of the 
variables that dictate the degree of connec¬ 
tive tissue disruption in COPD. 

Relatively littlt information is available 
regarding the factors that regulate the level 
of NE in circulating or lung neutrophils. It 
has been demonstrated! (13, 15) that these 
levels are relatively stable over a period of6 
months to 1 yr in patients with uncompli¬ 
cated disease, and it appears that these NE 
levels are not dependents age, sex, or Pi 
type (11, 14). Although it has been sug¬ 
gested that intracellular NE levels might be 
genetically determined (16), there are pre¬ 
liminary data indicating that both 'transient 
and more sustained increases in NE activity 
can be acquired. Cigarette smokers have in¬ 
creased levels of NE when compared with 
matched control isubjects (12), and both pa¬ 
tients (13) and laboratory animals (17) with 
pneumococcal pneumonia have transient 
elevations in NE activity. ^ 


determined. 
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j Clinical Correlates of Increased 
» , Neutrophil Elastase 


In an attempt to establish a relationship 
. between protease-anti protease imbalance 
and clinical disease, a number of investiga¬ 
tors have measured the levels of NE in pa¬ 
tients with chronic obstructive pulmonary 
disease (COPD), and compared these with 
levels measured in normal subjects. Gold- 
ston and colleagues (11) reported there are 
increased degrees of neutrophil elastase-like 
cstcrolytic activity, in patients with'COPD 
and a variety of Pi phenotypes. Lam and 
coworkers (12) demonstrated that higher 
than normal levels of NE constitute a signify 
leant risk factor for the development of 
COPD in PiMZ patients, and Rodriguez 
and associates (13) found that NE levels are 
' increased in COPD patients with PiMM 
phenotype. Although Kramps and co¬ 
workers (14) Tailed to find any correlation 
"between NE levels and the presence of lung 
disease in PiZZ patients, these investigators 
did note that' PiMM patients with COPD 
had higher than normal levels of NE. These 
studies suggest that high levels of NE repre¬ 
sent a potential risk factor for the develop* 


‘ Neutrophil Elastase and Pneumococcal 
' / Pneumonia: Protease Antiprotease 
Homeostasis 

Design of the study. The longstanding asso- 
dationi between infection and COPD 
prompted us to investigate the relationship 
between NE levels and pulmonary infec¬ 
tion. Pulmonary infection with the Type III 
pneumococcus was selected as an experi¬ 
mental modd because infection'with this 
organism induces a brisk-neutrophil re¬ 
sponse in the lung. Furthermore, nonlethal 
lobar pneumonia can be induced in dogs by 
intratracheal inoculation of this organism 
suspended in starch broth (18, 19). Con¬ 
ditioned dogs were inoculated with either 
normal saline (control dogs) or Type III 
pneumococcus (pneumonia dogs), and the 
inoculum was directed to the right tower 
lobe under fluoroscopic guidance. Serial ro¬ 
entgenographs, CBCs, and temperature 
measurements confirmed that a Ibbar pneu¬ 
monia was induced in'11 of 14 dogs, and 
cultures of bronchial'and lung aspirate con¬ 
firmed that the pneumococcus was the bac¬ 
terial agent. No control animal developed 
pneumonia. Peripheral blood granulocytes 
were collected from 50 ml of blood (17), 
and elastase-like esterase activity against 


N-t-Boc alanine-p-nitrophenyl ester (NBA) 
was measured (20). In addition, peripheral 
blood antiprotease activity was determined 
(21), Bronchoalveolar lavage was performed 
via a fiberoptic bronchoscope wedged in the 
uninoculated left lower lobe, and broncho¬ 
alveolar lavage fluid (BALF) and cells were 
collected. , ' “V 

Time course and magnitude of NE 
response. Within 24 hours, the 9 dogs sur¬ 
viving pneumonia induction demonstrated 
a statistically significant increase in circu¬ 
lating neutrophils (6-5 ± 0.9 to 14.9 ± 2.1 
x 10 3 cell m/ml), and an increase in the 
percentage of circulating immature neutro¬ 
phils from 4% to 24%. Although the mean 
circulating neutrophil count increased 
somewhat in 5 control animals, this increase 
was not statistically significant. Within 24 
hours of pneumococcal inoculation, in¬ 
fected dogs showed a 40 to 60% increase in 
NBA esterase levels compared with prein¬ 
fection levels, and this increase in circulat¬ 
ing NBA esterase activity persisted for 48 h 
(figure 1). A similar increase in NBA ester¬ 
ase activity was found in neutrophils de¬ 
rived from the BALF of infected dogs, indi* 
eating that the lung and its connective tissue 
substrate is exposed to this increased enzy¬ 
matic potential. Preliminary data from 
humans with acute bacterial pneumonia 
support this finding in dogs, revealing 
transient, statistically significant increases 
in circulating NE levels during active infec¬ 
tion (13). 

It is of interest to note that uninfected 
anrmali also experienced an increase in cir¬ 
culating neutrophil elastase-like esterase ac¬ 
tivity, but that this increase occurred more 
slowly, reaching statistical !signifioance only 
cn the fourth post-infection day (figure 1). 
Of these 5 control animals, 3 had broncho¬ 
alveolar lavage performed daily, whereas 
the other 2 had lavage performed only once 
(on tbe day of inoculation). 

A further analysis of data from these 
animals revealed that the increase in NBA 
esterase activity shown in figure 1 for con- 
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Flfi. 1. Changes ih mean circulating NBA esterase 
activity in 9 dogs intratracheal pneumococcus 
(closed circles) and Ih 5 dogs receiving intratra¬ 
cheal saline (open circles). Asterisks signify that 
NBA esterase levels are higher In pneumoniadogs 
with p < 0.02 (Student’s t test). 
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S V>trol dogs can be attributed to the lavage 
| process because unlavaged control subjects 
,_-. v had only a 2 to 4% increase in NBA esterase 
sv v £. activity, whereas lavaged animals ex- 
•\; -. pcrienced a 14.5% increase (17). No signifi- 
cant increase in the circulating neutrophil 
•. Vv^ count was detected in the 3 control dogs 
V ^that underwent bronchoalveolar lavage, but 
each of these 3 animals experienced a brisk 
; influx of neutrophils to the lung. Studies in 
^monkeys and in a large number of dogs 
■ v ' have verified that either bronchoscopy or 
bronchoalveolar lavage is associated with a 
* " pulmonary neutrophil response (22). These 
gr. studies also reported an increase in periph- 
" era! blood neutrophils and an increase in 
immature band forms following broncho¬ 
scopy or lavage. Therefore, in addition to 
/pneumococcal pneumonia, bronchoscopy 
and repeated bronchoalveolar lavage can 
expose the lungs to increased levels of NE. 
. l.Ttme course and magnitude of anlipro- 
tease response . The data described thus far 
suggest that pulmonary infection can result 
in an increased risk for elastolysis. The fact 
that pneumococcal pneumonia is not usually 
followed by impaired lung elasticity prompted 
us to measure the protease inhibitory activi¬ 
ty in the peripheral I blood and lungs of i in¬ 
fected and noninfected animals. We found 
that the serum trypsin inhibitory capacity 
(TIC) and the serum NBA esterase inhibi¬ 
tory activity (EIQ increased 15% in dogs 
with pneumonia, and remained elevated for 
48 h (figure 2). Furthermore, we found a 
striking increase in BALF NBA esterase 
inhibitory, activity following infection, with 
. the mean inhibitory activity increasing from 
"'* 776 ± 200 to 1400 ± 190 NBA units in* 
hibited/mg lavage protein (mean ± SE). 

L ' Subsequent studies have shown that this 
\ . " increase in lavage EIC is due to an increase 
; in AlPi. Thus it appears that the lung is 
; protected, from' proteolytic attack during 
pneumococcal lung infection i by a simul- 
| taneous increase in peripheral blood and 
“ lung protease inhibitory activities. Control 
! animals did not demonstrate any statistical- 
■ Iy significant changes in either peripheral 
, r blood or lung lavage antiprotease activity, 
: - even when control animals undergoing 

bronchoalveolar lavage were considered 
i separately. These data suggest that protease 
and antiprotease activities following bron- 
' choscopy and bronchoalveolar lavage may 
r be modulated by independent factors. 


", r ^ Extracellular Regulation of 
Neutrophil El^stase 
Once the neutrophil has migrated to the 
lung, a variety of stimuli can trigger the ex¬ 
tracellular release of granular contents. 
Models for the mechanism of extracellular 
granule release have been reviewed else¬ 
where (23), and will I not be reconsidered 
here. For NE, the available data indicate 
that it is released from neutrophil granules 
as an active enzyme, free to act on any ofiits 
substrates. Whether NE actually attacks a 
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Flfl.i2. Mean ± SE of serum, trypsin Inhibitory 
capacity (left) and serum NBA esterase inhibitory 
capacity{/7gft01n9 dogs inoculated with pneumo¬ 
coccus. All animals inoculated on Day 1. Aster¬ 
isks signify levels significantly greater than prein- 
fectlon levels with p < 0 05 (Student's I test), 
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particular substrate, however, depends on 
the balance struck between factors that 
either enhance or diminish NE activity. 
Such factors include the Ideation ofenzyme 
release, the presence or absence of enzyme 
inhibitors, and the presence of various 
molecules that can enhance NE activity. 


.Location of Enzyme Release 
In the lung, NE can be released into any of; 
the 3 major compartments: vascular, inter¬ 
stitial, or bronchoalveolar. Potential'sub¬ 
strates for this enzyme exist in each com¬ 
partment because NE is a proteolytic as well! 
as an elastolytic enzyme. , NE will attack a 
variety of proteins, including complement 

(24) , components of the clotting system 

(25) , immunoglobulins (25), kinins (25), 
collagen (26), basement membranes (27, 
28), and elastin (3, 29). It'is, however, the 
action of NE against lung elastic tissue and 
the induction of an emphysema-like lesion 
(3, 5) that has been most extensively stud¬ 
ied, an d wh ich will be re vie wed h ere. 

Because elastin is found in the king inter- 
stitium^ NE release into this compartment 
would be expected to result in the greatest 
amount of elastic tissue damage. Although 
such interstitial release of NE has not been 
directly measured, there is evidence that 
such release takes place. Wright and iGallin 
(30) have shown that the chemotaxis of 
PMNs is associated with'the leakage of! 
various enzymes, and the movement of 
PMNs through the interstitial space can be 
expected to result in small amounts of NE 
release. In addition, a variety of inflamma¬ 
tory reactions in the lung are associated 
with the interstitial accumulation ofiPMNs. 
Some of these reactions are due to agents 
that are capable of causing PMN degranu¬ 
lation (23), and NE release is inevitable 
under these circumstances. 

Because both the vascular and broncho¬ 
alveolar compartments contain protease in¬ 
hibitors, NE released into ihese compart¬ 


ments is subject to inactivation. As the vas¬ 
cular compartment contains a greater 
amount of inhibitory protein, one would 
expect that lung elastolytic damage would 
be tess if NE were introduced via this route. 
Animal studies have borne out this hypoth¬ 
esis, demonstrating that although experi¬ 
mental emphysema can be induced by the 
intravascular administration of elastolytic 
enzymes (31), enzyme administered intra- 
tracheally is more potent against lung 
elastin (32). 

NE released into the bronchoalveolar 
compartment is subject to the effects of 
various inhaled gases, aspirated material, 
and airborne particulate matter. Any of 
these factors can alter the physical-chemical 
environment in which the enzyme will act; 
resulting in a change in enzyme activity. To 
date, there have been few studies directed at 
measuring such changes in NE activity in 
vivo but we can predict some expected ef* 
fects by considering the available i/t vitro 
data. The elastolytic activity of NE is 
decreased when the pH is decreased below 
7.4 and approaches zero at pH = 5.0(33). 
It is intriguing to hypothesize that the in¬ 
halation of gases such as ozone, oxides of 
nitrogen, or chlorine, which can diminish 
the pH of bronchial secretions, might de¬ 
crease NE activity. In addition, the aspira¬ 
tion of acid stomach contents might inhibit 
the action of free bronchoalveolar NE. 
Conversely, the alkalinization of bronchial: 
secretions might result in enzyme stimula¬ 
tion because NE reaches peak elastolytic ac¬ 
tivity at pH 8.8 (33). Changes in the ionic 
strength of bronchial isecretions, induced by 
the transudation of fluid or the inhalation 
of various solutions, also might affect NE 
activity. Increases in ionic strength can 
result in NE stimulation against both elastin 
(34) and synthetic substrates (35), whereas 
decreases in ionic strength can diminish NE 
elastolytic activity. 


Presence of Protease Inhibitors 
In each of the lung compartments are pro¬ 
tease inhibitors that can neutralize NE ac¬ 
tivity. As previously stated, the major, 
serum and bronchoalveolar fluid inhibitor 
of NE is AlPi (36)i The mechanism of ac¬ 
tion of this protease inhibitor has been de¬ 
scribed (37), and the functional regulation 
of AlPi is the subject of another report in 
this symposium. AlPi is made predomin¬ 
antly in the liver (38). More recent data 
have demonstrated that the alveolar macro* 
phage is also capabte of Ai Pi synthesis (39)j 
although it is likely that macrophage- 
derived AlPi constitutes only a fraction of 
BALF AlPi. In the serum, AlPi is an acute 
phase reactant with increases in levels oc* 
curring in response to Ibbar pneumonia, 
pregnancy, birth control pills, malignant 
tumors, severe burns, and typhoid vaccine 
(38). In the bronchoaUeolar.compartment, 
AlPi levels are increased following infec¬ 
tion with the pneumococcus (17); and in the 
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bronchoalveolar lavage fluid of smokers 
\s;- (40). Other factors that might increase 
. bronchoalveolar levels of this protease inhi- 
* ; . bitor are still to be identified. Because this 
? compartment is exposed to inhaled and 
aspirated'materia], it is likely that the level 
or activity of bronchoalveolar AlPi is more 
„Csusceptible to change than serum levels or 
1 _/, activity. ' '' ■ ■; ~ vtfi . r : -. y J; ' i: 

: In addition to AlPi, both the vascular 
5 and bronchoalveolar compartments contain 
alpha 2 macroglobulin (a2M), a large (MW 
* 725*000) protein that can inhibit NE 
V dastolytic activity (41). Whereas AlPi com* 
pletely inhibits NE activity, experimental 
data have shown that NE activity against 
dastin is incompletely inhibited by o2M 
(41). The residual activity of tr2M-NE com- 
,, plexes against elastin may play an impor¬ 
tant role in patients who are genetically or 
functionally deficient in AlPi (41,42). Two 
other NE inhibitors have been identified in 
the bronchoalveolar compartment, neither 
of which has been fully characterized. The 
first of these is a low molecular weight (MW 
= 14,000) acid-stable inhibitor found in 
purulent sputum (43) and bronchoalveolar 
lavage fluid (44). The second bronchoalveo¬ 
lar inhibitor is a high molecular weight 
(MW = 80,000) inhibitor found in bron- 
choalveolar lavage fluid of dogs and'hu- 

- mans (45). The rolfc of these inhibitors in 

vivo is yet to be ascertained. - v . ^ 

Factors That Stimulate NE Activity 
Substrate considerations. Elastin is a cross* 

■ linked structural protein containing an 
unusually high percentage of nonpolar 
^ amino acids (46). These qualities render 
.elastin insoluble in aqueous systems. 
Because of this, multiple synthetic sub¬ 
strates have been developed that allow for 
the rapid spectrophotometric determination 
of elastase activity. The most widely used of 
these substrates are N-t-Boc-L-alaninc-p- 
nitrophenyl ester (NBA) and succinyhtrial- 
anine-p nitroanilide (Suc-fAla^-NA), each 
of which has been used as substrate for pan¬ 
creatic elistase or NE (18, 47). It must be 
remembered, however, that these synthetic 
* substrates measure the esterolytic activity of 

- NE, and although this esterolytic activity 
parallels the elastoiytic activity of the en¬ 
zyme, factors that influence the esterase ac¬ 
tivity of NE may have little or no effect on 
the elastoiytic activity of the enzyme, and 
vice versa. This fact is well demonstrated by 

- reviewing the effects of o2M on NE activi* 
ty. Whereas NE elastoiytic activity is almost 
completely abolished by o2M, the activity 
of NE against Suc-(Ala) JT NA is markedly 
increased. Because it is elastin that is the 
substrate in lung parenchyma, we have 
focused our attention on factors that stimu¬ 
late NE activity against either lung elastin 
or elastin purified from lung tissue or 
bovine ligament urn nuchae. 

Stimulation of NE by platelet factor 4. 
We are initially interested in PF 4 as a poten¬ 
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tial inhibitor ofi NE as this molecule, a 
potent antiheparin protein secreted by acti¬ 
vated platelets (48), is an inhibitor ofi neu¬ 
trophil collagenase (49). Using neck liga¬ 
ment elastin suspended in agarose as the 
substrate for NE, we found that rather than 
inhibit NE, PF 4 stimulates NE elastoiytic 
activity. This stimulation is seen at con¬ 
centrations of PF* and NE that are physio¬ 
logically attainable (50). In addition, we 
found that this stimulation of NE against 
elastin occurred in the presence of AlPi as 
long as NE activity was not completely in¬ 
hibited. Studies performed using radioli- 
beled (51) hamster lung elastin as the sub¬ 
strate confirmed these findings, demon¬ 
strating a 50% increase in NE activity when 
the molar ratio of PF 4 :NE was 4:1, and a 
doubling of NE activity when the ratio was 
10:1 (figure 3). When a synthetic NE sub¬ 
strate such as NBA was used, we found no 
enhancement of NE esterolytic activity 
(figure 3). The proteolytic activity of NE 
against either casein or; hemoglobin is only 
slightly increased at high molar ratio of 
PF 4 :NE (figure 3). Thus the ability of PF 4 
to stimulate NE is relatively specific for NE 
elastoiytic activity. 

To test whether PF 4 stimulated NE ac¬ 
tivity against lung elastin in situ, hamster 
lungs were inflated with solutions of buffer 
alone (phosphate buffered saline pH 7.4; 
PBS), human NE, PF 4 alone, or PF 4 and 
NE mixed at a molar ratio ofiPF 4 :NE = 4.1i 
After a 2-hour incubation at 37° C, the 
lungs inflated with NE alone showed mini¬ 
ma] alveolar hyperinflation. Pressure- 
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Mo lor Rolio PF 4 : MNE ' ; 

Fig. 3. Stimulation ol human neutrophili elastase 
(HNE) by PF, againsti ’H-lung elaslin {closed 
circles), '"t-casein {open squares), and N-t boc- 
■faninepniilitophenyl ester (NBA; open circles). All 
experiments done with 5HNE. 5 */g resulted in 
release ot 1.9 x 10 1 cpm from i*H elaslih, and i.2 
x 10^ cpm from m f Icasein. Incubatidns at 37* C 
for 3 h. 


volume studies revealtd that the compliance 
of these “low dose” NE lungs was not'dif¬ 
ferent from the compliance of control 
lungs. The addition of PF 4 to the same 
amount of NE resulted in a more severe al¬ 
veolar injury (figure 4) and a shift of the 
lung pressure-volume curve to the left 
(figure 5). Measurements of lung connec¬ 
tive tissue content revealed that a significant 
decrease in measurable lung dastin occurred 
only in the animals treated with NE plus 
PF 4 , and that collagen content was unaf¬ 
fected (51). Thus, PF 4 is capable of stimu¬ 
lating NE against lung elastin in situ, and 
such stimulation may result in connective 
tissue destruction by levels of NE that 
otherwise would be ineffective. < 

PFa as a modeI stimulant of NE activity; 
effects of other lysine-rich ligands. PF 4 is a 
basic protein at physiologic pH, and a study 
of the amino acid sequence of this protein 
reveals that its cationic nature is the result 
of a lysine-rich region near the carboxy- 
terminus of this 70 amino acid molecule 
61 65 

(. . . Lys-Lys-Ile-Ile-Lys-Lys . . .) (52). We 
have found that upon mixing with NE, PF 4 
is rapidly cleaved into at Itast 3 fragments 
(51). However, PF 4 which has been; incu^ 
bated with NE for ! hour, still retains NE 
stimulatory activity, suggesting that one or 
more of the PF* fragments are capable of 
stimulating NE. Preliminary data have 
shown that some of the PF 4 fragments con¬ 
tain the lysine-rich carboxy terminal region 
and remain cationic. These data prompted' 
us to study the effect of other lysine-rich 
molecules on NE activity. :w . ;-v«; 

To date we have studied various poly-L- 
lysines and histones that are relatively 
lysine-rich (histone V and histone Ills; 
Slgma r St. Louis, MO). We found that 
poly-L-lysines with a polymer length greater 
than 4 lysines are capable ofistimulating NE 
activiry (table I), and that histone Ills is 
also capabk* of such stimulation: This prop¬ 
erty is not found in other basic molecules 
because poIy-L-arginine, a chymotrypsin, 
and trypsin fail to stimulate NE activity 
(table I). 

Previous investigators have shown that 
elastin is slightly anionic in nature (53)j and 
Gertler (54) has shown that basic ligands 
such as poly-L-lysine, poly-L-arginine, and 
pancreatic elastase bind to elastin in a non¬ 
specific,; electrostatic manner. We expect 
that PF 4 and other lysine-rich ligands also 
bind to elastin electrostatically, and that 
this substrate binding plays an important 
role in NE stimulation. This theory is in 
disagreement with experimental observa¬ 
tions for pancreatic elastase, , which show 
that pancreatic elastase activity against elas¬ 
tin is wholly governed by the presence of 
charge complementarity between enzyme 
and substrate (55). However, for NE, elec¬ 
trostatic binding of enzyme to substrate is 
likely to be less important than for pan¬ 
creatic elastase. Evidence that NE intercacts 
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- Fig. 4 : Photomicrographs of bemaloxyiin-eosin-stained hamster lungs 
Inflated With buffer alone (figure 4A), *0 H g HNE (figure 48), orAOng HNE 
plus 44 PF, (figure 4CJ. Uung incubated 2 h at 37 * C and inflation fixed 
In neutral 10% formation at inflation pressure of 12.5 cm H,0. Original 
magnification: x 200. A, top left 3, top right; C, left 
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with' elistin via nonelectrostatic mecha¬ 
nisms comes from work by Boudier and co- 
workers (34) and Liestienne and Bieth (35), 
who have shown that NE elastolytic and 
esterolytic activity are increased in the 
presence of high ionic strength, a condition 
that rapidly inactivates the pancreatic en¬ 
zyme (25, 33). 

Support for the hypothesis that PF« stim¬ 
ulates NE by attaching to the substrate 
(substrate directed stimulation), rather than 
by a direct action of FF 4 on NE, comes 
from experiments in which PF 4 was prein¬ 
fused into' elastin-agarosc plates and fol¬ 
lowed by the addition of NE (figure 6). 
Stimulation of NE results, and the degree 
of stimulation is somewhat greater than 
that seen when PF 4 and NE are mixed 
before addition to the elastin plate wells. 

From ithese data we have theorized that 
PF 4 released into the lung, even in the 
absence of concomitant NE release, can be 
• adsorbed onto elastin, resulting in a 
substrate that is more susceptible to attack 
by NE at a later time. 

Platelets and PF A irt the lung; the 
“inflammatory ” platelet. The data outlined 
above take on iincreased significance when 


one considers the fact that platelets are a 
normal constituent of circulating blood, 
and that activated platelets can release PF 4 
endogenously (56)., Recent evidence has 
pointed to an additional role for platelets, 
that being a role in the inflammatory reac¬ 


tion. Several agents that initiate inflam¬ 
matory reactions, such as urate crystals 
(57) j immune aggregates (58), and bacterial 
lipopoly saccharides (59), can stimulate 
platelets and result in the release ofplatelet' 
contents. In addition, platelets andiplatelet 


Mean Inflation P-V Curves 
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Fig. 5 Mean inflation PV curves for animals receiving buffer alone (•), 40 ^g HNE (O), or 40,ig HNE plus 
44 (jg PF, (a). Asterisks indicate data points significantly different from control values by analysis oti 
variance. Mean deflation P-V curve (not ishown) reveals simitar results, with HNE +• PR, curve significant¬ 
ly more compliant at lung volumes (Vt) fitom 50% to 100% of tolaf lung capacity (TIC*). 
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Ugand Tested 

. v* Molar Ratio 
- Cationic LlgandrNE 

2:i 4:i 101 

Poly-i-Tysine (3O,0^W) 


^ 230 

Z20 

Po4)H--^sine^l3,000) T 

1.70 

1.90 

2.0 

PF. 

130 

1.75 

1.75 

Histone Ill's _ 

1.18 

135 

1^5 

Poly-L-lysine (3,400) 

130 

1.48 

1.45 

Lysine (8-12) . 

1.05 

1.10 

1-25 

Tetraiysine . 

1.00 

0.95 

0.95 

• chymotrypsin ‘> v -"*./■ 

1.00 

0.90 

090 

Poly-c-arginine (13,900) 

a9o 

0j85 

OBO 



PBS CDfUTROL ACTIVE NE PMSF-NE 

UD (1 2) (4) , 


a. Activity of 5 ^0 NE alone against *H-«lastin ■» 1JCL 
h. All 1 experiments dona uslit»o5j<fl NE. W, 
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proteins have been identified at sites of 
tissue injury (60) and in rheumatoid synov^ 
ial fluid (61), whereas platelet depletion 
ameliorates certain flammatory responses 
(56). In the lung, platelets have been shown 
to accumulate in patients with iacute respi¬ 
ratory failure (62) or the adult respiratory 
distress syndrome (ARDS) (63), Thus, the 
platelet probably plays an important role in 
lung inflammation, and we investigated the 
. possibility that lung PF 4 release could occur 
in vivo. - .. 

Because‘PMNs pfay" a role in the inflam- 
■ matory reaction, we reasoned that neutro* 
phil products such as NE might be involved 
^ . with a lung platelet response. Support for 

this notion comes from work demonstrat¬ 
ing free lung NE in patients with pulmonary 
infection or ARDS (63-65)j To test this 
“^Thypothesis, we administered purified hu- 
~ ’ man NE in trat radically to rabbits with 

■ > ^* r ^ tT T n di U m-l a be!ed platelets circulating in 
their peripheral! blood pool (66, 67). We 
foundthat within 60 min of NE inocula- 
iighTlioahtTncrease in lung platelets 


- FIq.i 7. Bar graph showing lung platelet counts 60 
min after intratracheal, inoculation of phosphate 
buffered saline (PBS), human neutrophil elastase 
(active NE),i or human neutrophil elastase inacti¬ 
vated by phenyl methyl sullonyl fluoride (PMSF- 
NE). Values are mean * SE. Asterisk indicates 
significantly greater platelets in: NE-inoculated 
animals with p< 0.001 by analysis of variance. 


Occurs (figure 7). Animali inoculated with 
inactive NE or buffer alone do not show 
such lung platelet sequestration. In addi+ 
tion; measurement of plasma and bron- 
choalveolir lavage fluid PF 4 levels by radio¬ 
immunoassay revealed that plateltts were 
activated in the NErinoeulated animals. 
These activated platelets secreted platelet 
proteins including PF 4 . Thus pulmonary 
inflammatory reactions that are associated 
with the presence of free NE can result! in 
the release of PF 4 . Whether other lung in¬ 
juries also are associated with'PF 4 release 
needs further investigation! because this 
platelet protein may alter the reactivity of 
lung dastin, creating an imbalance in the 
lung protease-antiprotease system. 
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Flg,6 Stimulation of human NE by PF, against 
•laslln in elastin-agar plates. (Aiphasin, Elistin 
Products. St. LouliS, MO), Closed circles (•) show 
results when 16.6 nanomoles of NEpre incubated 
with PF, and then added to plale. Open circles (O) 
•how results when PF, is preinfused Into elaslin- 
•gar, and NE added later. 
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‘ •■iti^vr Introduction v. y . LfciSrv! '.‘f 

The airways of the respiratory tract are -“ Summary ** 

constantly subjected to foreign debris o« enstf «tai 

alighting on their surface, which is inhaled J Peculates wh 

with ambient air or admixed with naso- . „ •™ malor V aw 
oropharyngeal secretions that are aspirated. : " “ n * T contro1 ° 
However, the respiratory tract has an , « 4ct0fS or * 
elaborate array of cleansing mechanisms - *ys«m«eme 
that effectively remove this debris and, *** * !5 s * n y f 

under usual circumstances, no h arm occurs. * e status 

These mechanisms are part of a broad um- * Yl ° s * a eren 

brella of pulmonary host defenses that pro- ccacors.e 

tect the health and integrity of the air-ex- j? aCTOp * 9 * * 
change surface of the lungs (l)i ; on - 

Counterartackihg, therefore, the influx -- 

of airborne particles and microbes that ’ 

enter the conducting airways are formidable tain allergic, va 
anatomic barriers, such as the larynx and diseases feature 

the branching structure of the airways, a inflammatory o 

perpetual 'ciliary clearance apparatus, locally variety of toxic 
secreted i proteinacious substances contain- such as cigaretti 
. tng mucus and immunoglobulins that'coat and silica particl 
the ciliated epithelium, and a cough mecha- lular component 
nism. Further down in the terminal airways products in the f 
and alveoli; phagocytic cells, principally oxygen radicals, 
alveolar macrophages, scavenge debris reach- that can cause d< 
ing the actual air exchange area. •«-. > f in the initiation, 

In sum, these surveillance mechanisms (2) flammatory reac 
' efficiently guard and cleanse the respiratory tractant factors 
; tract. In addition, other augmenting mech- inflammatory 
anisms are available and may be operant spaces (4). The o 
only at crucial times to aid the usually effec- tiple and they c 
tive surveillance apparatus. The capacity to cascade activatic 
make specific antibody in response to a cells, or be genei 
micro-organism that at a future encounter fiammation itsel 
would accelerate its clearance, or prevent senescent, injure 
attachment to the airway epithelium, is an protein comp^ni 
example. The capacity to generate an ap- This report w 
propriate inflammatory response in lung motactic factors 
parenchyma is another (3). Thus the mobili- crated in the air 
ration of inflammatory cells and fluid fac- seem to have re 

• tors from i the intravascular compartment flammatory rea< 

into the lung js crucial for effective pul- challenge. The i 

.monary host defenses. controlled biola 

Obviously, full 1 mobilization of the in- and at times it m 
flammatory reaction leading to pneu- reaction, perhai 
■ monitis and clinical illness occurs infre- but at other tim 

- quently in healthy individuals who are not amplified so tf 

exposed in an extraordinary way to massive ceivedi When a ! 

inocula or unusually virulent microbes, but is the cause, pne 

some lessen gradation of the reaction may scribes the reac 
be needed frequently to combat inhaled and nonihfectious o 
aspirated particulates and microbes that in- known etiology 
. cessantly plumb the depths of the airways. the chronic a 
On the other hand, inappropriate or ex- matory diseases 

cessive inflammation in the lungs may term. Where pc 

create pathology that is part of many the human situa 
chronic diseases that affect the lungs. Cer- that experiment* 




SUMMARY Th® inflammatory reaction In Ihe lungs can be considered a mechanism ol host 
defense that augments local alveolar cellular and humoral defense against microorganisms and 
particulates which challenge the airways. As part of this reaction, Ihe accumulation of blood in¬ 
flammatory and phagocytic cells, primarily PMNs, and fluid components from plasma may be 
- under control of chemoattractant factors and vasoactive mediators. From the air-side, chemotac¬ 
tic factors originating from alveolar macrophages or through activation of tha complement 
. system seem essential in initiating the Influx of PMNs into the alveotar space. The kinetics of 
synthesis and release ol chemotactic factors from alveolar macrophages ol animals and humans 
and the status of their immunochemical analysis is the essence ol this report. Coupling phago¬ 
cytosis (afferent function) with its capacity to secrete several kinds of effector molecules {chemo¬ 
tactic factors, complement components, leukotrienes, and platelet activating factor), the alveolar 
macrophage is considered to have a pivotal role In overall regulation ol the inflammatory reac* 


AM REV RESPIR OIS TS43; 127:S16-S2S 


tain allergic, vaseulitic, and' autoimmune 
diseases feature abnormal recruitment of 
inflammatory cells to the lungs as do a 
variety of toxic environmental exposures 
such as cigarette smoke, inhaled asbestos, 
and silica particles. , Accompanying the cel¬ 
lular component of inflammation are its by¬ 
products in the form of lysosomal enzymes, 
oxygen radicals, and a myriad of proteases 
that can cause destructive injury. Important 
in the initiation and perpetuation of the in¬ 
flammatory reaction is the role of ehemoat- 
tractant factors that help direct and recruit 
inflammatory cells into extravascular 
spaces (4). The origin of such factors is mul¬ 
tiple and'they can arise from complement 
cascade activation, be synthetic products ol 
cells, or be gener&ied from the debris of in* 
fiammation itself that contains a mixture of 
senescent, injured leaking cells, and pi ism a 
protein components. 

This report will concentrate on the che¬ 
motactic factors that can arise or be gen¬ 
erated in the airways and alveoli; and that 
seem to have relevance in initiating an in¬ 
flammatory reaction in response to airway 
challenge. The resulting inflammation is a 
controlled biologic reaction, we feel (3), 
and at times it may be a modest, self-limited 
reaction, perhaps undetectable clinically, 
but at other times it becomes significantly 
amplified so that clinical illness is per¬ 
ceived! When a specific microbial organism 
is the cause, pneumonitis appropriately de¬ 
scribes the reaction; when the cause is a 
noninfectious one, or perhaps is of un+ 
known etiology as is the case for many of 
the chronic alveolar-interstitial inflam¬ 
matory diseases,, alveolitis is a reasonable 
term. Where possible, we will emphasize 
the human situation but recognize the fact 
that experimental animal studies have been 


fundamental in dissecting and manipulating 
the inflammatory response and will remain 
indispensable for> future work. 

One final qualifying statement should be 
made as we embark on a reriew that will 
emphasize the role ofi polymorphonuclear 
neutrophils (PMNs) in the infiommatory re¬ 
sponse. We shall ignore the granulomatous- 
type reaction that prominently includes 
lymphocytes and transformation of mac¬ 
rophages into epitheloid cells, etc. Some 
lung research literature indicates that al¬ 
veolar macrophages liberate factors that in¬ 
fluence the accumulation of lymphocytes 
and that lymphocyte-derived factors affect 
macrophage motility. Certain’; these mech¬ 
anisms must be considered as well in de¬ 
veloping a comprehensive view of the com¬ 
plex celUUAr mechanisms of I', :ig inflamma¬ 
tion. 


Baseline—What Inflammatory Cells 
Are Already in the Airways? 

Lung washing techniques that retrieve re¬ 
spiratory cells from the alveolar and distal 
airway surfaces of animals and humans are 
the only available means to sample normal' 
lungs in a relatively non invasive way. Anal¬ 
ysis of cells so obtained, now reported by 
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many investigators, reveals that the prepon¬ 
derance ofi cells are alveolar macrophages 
(<90%), perhaps 4 to 8% are lymphocytes, 
and 1 to 2% are PMNs. Rarely are eosino¬ 
phils or, basophils detected. These cells, of 
course, represent the detachable population 
of cells that are dislodged with infusion and 
aspiration of saline fluid introduced into 
'• the airways. This lavage by no means re¬ 
trieves all cells present in the lung area sam- 
; pled, and just how thorough or representa¬ 
tive the washing sample is has not becn cor¬ 
related with actual histology in normal 
humans. " ,t4 ~ iu ** *■ ~ 

Recent data quantifying PMNs in the 
lungs of normal rabbits are relevant (5). 
PMNs constituted about 10% of the cells 
observed to be free in the alveoli* but only 
2.5% of respiratory cells recovered by lung 
lavage were actually PMNs. It was esti¬ 
mated' that lavage effectively removed 
about 42% of PMNs located in the air 
space (range of sampling efficiency was 2S 
to 56%). PMN counts in right and left ven¬ 
tricular blood samples were almost identical 
so significant trapping of PMNs in the vas¬ 
culature was not believed to occuri About 6 
X 10 4 air space neutrophils per g. of lung' 
tissue were calculated. Alveolar macro¬ 
phages were not observed to phagocytose or 
to otherwise remove PMNs. Aged or senes¬ 
cent PMNs, however, can be ingested undtr 
in vitro conditions by macrophages, and 
this may still be a pathway for' cell removal 
when studied more thoroughly. 

To establish basal conditions, it is unclear 
how many PMNs are naturally present in 
vascular and capillary areas of normal non- 
smokers* lungs as part of the marginated 
pool of PMNs, or how many are located in 
interstitial portions of lung parenchyma. 
Because the lungs contain a large capillary 
network that serves as an important filter at 
the interface of the arterial and venous 
compartments of the circulation, the avail¬ 
ability of PMNs within the lung vasculature 
would seem to be an important feature of 
host defense. The PMN being a.i endstage 
cell with a limited lifespan of a few hours, 
the mere presence of tissue PMNs in the 
lungs suggests an active influx and turnover 
of these cells. In contrast, no other inflam¬ 
matory cell type seems to be present in nor¬ 
mal lungs in a sufficiently, high number to 
make it an important candidate for in+ 
elusion in the inflammatory reservoir of the 
lung. Specifically, eosinophils come to 
mind. Clearly, eosinophils are important 
components of allergic lung diseases and 
various eosinophilic syndiomes, but they 
are not a prominent part of the usual bac¬ 
terial in feet ion-pneumonit is response. More¬ 
over, as we shall see, the specific chemotac¬ 
tic factors liberated by alveolar macro¬ 
phages have consistently been weak and 
negligible stimuli!for eosinophils. 

Few PMNs have been found in human 
lung lavage specimens; this paucity was 
noted in the early studies that used normal 
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DEMOGRAPHIC AND LUNG CELL RESULTS IN NONSMOKERS AND SMOKERS 
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Groups 1 

.Age (yr) 

1 Sex 

Smoking 

HX 

; Pk-Yr 

Cell Count 
(x 1QJ 

1 

AM 

Differential 

(%) 

PMN 

- EO- 

Lymphs BASO t 

Non smokers 

272 x 1.2t 

0 

,19.8 ± 2.3 

87.4 ± 1.3 

1j5 ± 0^ 

9.3 ± 0.8 - 

(n p 44) 

27M 

- - T -:i H* ' 

v . P-5?)t 

(77-99) 

(0^5) 

(0-23)' * 

.; *" ■ l 5 v • - 

■ Vi. - •: 
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Marijuana Smokers 

20.3 ;± 0.7 


' t 63.4 ± 10.0 

88 5 ± 2.6 

3.7 ± 0.9 

7*7 ± 2.2 — 

(0=7) 

6M 

"I 

(27-99) 

(76-100) 

(0-10); 

(0-20) 

/ 

IF 


• ? * ' r t . 




Light Smokers 

23.4 * 0.7 

6.4 ± 0.6 

58.2 ± 5 8 

93 ± 0.9 

3.3 ±0.9 

4 0 ± 0.5 - 

K10 pk-yrs) 

. 11M 


(27-110> 

(79-99) 

(0-17) 

(0-I0)i 

(n=l 8) 

’ 7F 

, 





Moderate Smokers 

25.8 ± 0.9 

15.8 ± 0.9 

91.1 ± 16 J 

95.7 ± 0.7 

2.4 ± 0.4 

2.5 ± 0.4 - 

10 IP 20 pk-yrs 

, 7M 


- (27-234) 

(85-99) 

(1-9) 

(0-6) 

(n=14) 






' Ci 

Hftavy Smokers 

38.2 s 2.3 

41 it ± 5.9 

10Z0 ± 12.1 

92 ± 0.5 

3.5 ± 0.6 

3.7 ±0.5 - 

(> 20 pk-yrs) 

. 12M 


• (15-200) 

(75-99) 

(V18) 

(1-10) 

(n-20> 

8F 







* Less than .1% in »fl artferenttat count* (Inxn retcfeoce iOL 
1 Values are mean ± S£M. 
t Range observed. , 


subjects (6-9). As illustrated with our group 
of nonsmoking volunteer subjects (table 1), : 
the differential cell count of respiratory 
cells recovered with BAL shows that li5% 
of the cells were PMNs (10). For the smoker 
groups, (He percentage increased to 2.4 and 
3.7. These increases become more impres¬ 
sive when they are related to the total cell 
yield and are presented as the total PMN 
count (figure I). Ail nonsmokers had less 
than 10* PMNs per lavage cell total, and 10 
of 34 had no evidence of PMNS among 
their lavage cells. Most' marijuana and 
tobacco smokers had a logarithm greater 
PMN count than nonsmokers. Values in 
males and females did not differ. Thus, 
smokers in general would seem to have a 
heavier burden of PMNs in their airways, 
but there are exceptions. About 13% (7/56) 
01 smokers had no PMNs among the cell 
mixture and another 16% (9/56) had counts 
similar to those of nonsmokers. As alluded 
to, the lavage procedure may wash out only 
part of the PMN population and more re¬ 
main behind in the alveoli. 


We decided, therefore, to see if there was 
any substance in the BAL fluid that: might 
stimulate or attract inflammatory cells and* 
could account for their influx into alveoli 
(12). The progressive increase of in¬ 
flammatory cells and the relative potency of 
concentrated BAL to attract these cells in 
vitro are illustrated (figure 2) from a 
monkey- serially lavaged during a 72-h in¬ 
terval. Each lavage was done through a 
fiberoptic bronchoscope placed in the same 
portion of lung. In the third lavage fluid. 


Identification of Chemotactic 
Substances in Airways of Animals 
As an incidental finding, an awareness that 
inflammatory cells accumulated in osten¬ 
sibly noninfected airways and alVeoli de¬ 
veloped as we were trying to characterize re¬ 
spiratory lymphocytes in bronchoalveolar 
lavage (BAL) fluidfrom monkeys (11). In 
the course of relavaging monkeys at daily 
intervals to procure additional lymphocytes 
for T- and EUcelt identification! we noted a 
striking increase in the percentage of PMNs 
in the lavage fluid. Yet (here was no ob¬ 
vious infection or irritation in the airways 
of the animals, which seemed to be healthy 
and without evidence of pneumonitis by 
chest radiography or physical examination. 


•MAIAIAK* UCMT MO0EPUTE HEAVY 
k -SMOKERS- i 


Fig. 1. Total numbers of PMNs In the respiratory 
cell ipellets obtained by BAL are given for non- 
smokers and groups of smokers. Smokers are 
divided according to marijuana use (no tobacco) 
and to history of tobacco inhalation exposure: 
light have < 10 pk-yr use. moderate have between 
10 to 20 pk-yr.u'se, and heavy have > 20 pk-yr use. 
Horizontal bars denote the mean value (from refer¬ 
ence 10). 
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Fig, 2. A monkey underwent BAU at intervals dur¬ 
ing a 72-h period to illustrate changes in the total 
numberof recoverable respiratory cellls and in the 
number of PMNi and alveolar macrophages (AM) 
{upper panef). Simultaneous chemotactic activity, 
expressed as migration of the leading front of 
cells Into a micropore filter, in concentrated 
LAvage fluid was measured for 2 cell preparations 
(vrert/ca/ bars) (from reference 12). ■ ■' 


obtained 4 H after the initial one, the total 
respiratory count had doubled and PMNs 
accounted for about 45 % of the cell popu¬ 
lation; when sampled at 24 h, a tenfold in¬ 
crease had occurred in recoverable cells of 
which 90% were PMNs. 

„ When cell-free BAL fluid was assayed for 
. chemoattractant activity that would cause 
directed motion of PMNs and purified 
monocytes into a micropore filter, consid¬ 
erable activity was found in the 4- and 24-h 
specimens. Activity, in the BAL specimens 
f was equivalent to that generated by lipo- 
polysaccharide-activated serum and ca¬ 
seinate that were known to be potent che¬ 
moattractant substances. To isolate and 
characterize the active $ubstance(s) in BAL, 
a pool of lavage fluid obtained from 5 
monkeys lavaged for the fourth lime after 
the initial lavage was chromatographed 
over a calibrated Sephadtx G-75 column, 
and chemoattractant activity in the effluent 
fractions from the colbmn was assessed for 
PMNs and mononuclear cells (figure 3). 
Chemotaclie activity was detected in 2 areas 
of the elution profile: Peaks A and C, 
which coincidediwith amelution position of 
a 15 ;000-dalton,marker * and Peak B, which 
approximated a 5;(X)0-daltOn marker. Peak 
B activity seemed selective fori PMNs. The 
active fractions were pooled and charac¬ 
terized further. For pool A, heating (56° C 
for 45 min) did not diminish chemotactic 
activity, whereas the addition of an anti-C 5 
antiserum decreased the relative activity by 
45*7*. Such information led to the con¬ 


clusion that chemotactic activity found in 
. these chromatographic fractions of BAL 
was due to a complement fragment, prob¬ 
ably Cja, Left unaccounted for was activity 
^‘in Pool B, which was unaffected by anti-Cj 
'"or Cj antiserum but was heat labile. 

We considered that Pool B’s activity 
might arise from a cellular source. Because 
lavage of normal lungs yields predomi¬ 
nantly alveolar, macrophages (>90%) and 
-only a few lymphocytes and PMNs, in vitro 
culture of macrophages was the first choice 
to study. When glass-adherent macro¬ 
phages were additionally, activated with a 
■phagocytic stimulus of opsonized bacteria, 
the culture supernatant possessed consider¬ 
able chemotactic potency. Intermediate po¬ 
tency was obtained from adherent, but 
otherwise unstimulated cell cultures, but 
decidedly less activity was generated from 
alveolar macrophages that were tumbled to 
_keep them in suspension and prevent cell 
adherence. • • - 

Thus macrophages seemed to produce a 
chemoattractant substance spontaneously 
when cells were allowed to adhere in cul¬ 
tures; however, a phagocytic stimulus quan¬ 
titatively enhanced the amount. Moreover, 
incubation of a macrophage monolayen 
with cyclofieximide, which putatively di¬ 
minished protein synthesis by cells, largely 
inhibited the formation of chemotactic ac¬ 
tivity in the culture medium > of bacteria* 
stimulated cells. Hypotonic lysis of a pellet 
of macrophages, however; revealed chemo¬ 
tactic activity in the cell lysate, indicating 
some storage of the factor within the cell, 
Chemotactic substance for alveolar macro¬ 
phages was concluded to be in part pre¬ 
formed and stored in 1 the cells and hence 
available for immediate release; however, 
additional factor apparently could be syn¬ 
thesized, providing a mechanism for sus¬ 
tained release. 

To characterize this macrophage-derived 
chemotactic substance, culture media was 
collected after 8 h of cell stimulation, an in¬ 
terval that yielded the most chemotactic ac¬ 
tivity in cell supernatants, concentrated and 
gel+filtered 'through the Senhadex G-75 col¬ 
umn as shown in figure 3. Effluent frac¬ 
tions with chemotactic activity, again as¬ 
sessed in terms of migration of the leading 
front, of cells into a micropore filter, cen¬ 
tered around the 400 to 420 elution volume, 
precisely coinciding with. Peak B. Activity 
was selective for PMNs and ineffective for 
mononuclear cells on eosinophils. Heating 
the pooled effluent fractions diminished 
chemotactic activity, but. anti-complement, 
antiserum did not. This factor seemed rea¬ 
listically to bea product of adherent macro¬ 
phages in.culture and not from another cell 
type. The adherent cell cultures were vir¬ 
tually, all composed of alveolar macro* 
phages (>98%), although a few adherent 
lymphocytes could not be rigidly excluded; 
other inflammatory cells such as PMNs were 
absent; At the time, it was uncertain if this 
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Fig. 3. The elution profile or concentrated BAL 
fluid from a Sephadex G-75 column is shown. Pro¬ 
tein is located in .ihe upper panel: (OD280nm) and 
the elution positions of proteins with known 
molecular weights are given. Chemotactic activity; 
in the column fractions, depicted on the ordinate 
as micrometers of migration of the leading cell 
front into a micropore filter, is shown for PMNs 
{middle panef) and for mononuclear celts (tower 
panel). Concentrated BAL fluid has two peaks of 
chemotactic activity fdr PMNs that eluted at 320 
ml {Pea* A) and £t4l0 ml (Peak B),and one peak of 
chemotactic activity for mononuclear ceils that 
also eluted at 320 ml (Peak C) (from reference 12). 


small molecular, weight factor released from 
in vitro cultured alveolar macrophages was 
unique or possibly related to other cell-as¬ 
sociated chemotactic factors such ias dialyz- 
abfe transfer factor (13) or an eosinophilo- 
tactic tetrapeptide (ECFA) (14). However, 
the macrophage factor consistently showed 
no ap preciable activity for eosinophils. 
Moreover, the small size of the factor seemed 
to differentiate it from other substances 
with biologic activity known to be secreted 
by macrophage (15), 

Within the same laboratory, namely the 
Laboratory of Clinical Investigation; Na¬ 
tional Institute of Allergy and Infectious 
Diseases, Bethesda, MD, other colleagues 
also were looking for endogenous che- 
motaclic substances that could produce an 
inflammatory response in lung tissue. Hun* 
ninghakeand associates (16), working with 
an inbred strain 13-guinea pig system, iden¬ 
tified a chemotactic factor generated by al¬ 
veolar macrophages after phagocytosis of 
heat-killed Staphylococcus aureus. Charac¬ 
terization of this factor in lung lavage fluid 
found it to elbie from a calibrated Sepha- 
d<fex G-75 colbmn in the position of <5,000- 
dalton marker and to be resistant to heating 
at 56° C for 45 min; but totally destroyed 
after incubation at 100* C for 10 min. For 
in vitro cultured alveolar macrophages, a 
bacterial stimulus enhanced factor secre¬ 
tion, although an appreciable amount, was 




1002968406 





i 


ROLE OF CHCMOTAOTIC FACTORS IN ATTRACTING GRANULOCYTES 

hKi.fi- tty/ * . > i jfjLai jijt. - * 


SI 9 


m 

-Mn 




M/4. 


J ? • * 






^;V ■ • ft' _. 

produced spontaneously by the adherent 
cells; inhibiting protein synthesis by the 
cells likewise diminished the amount of 
chemotactic activity generated in the cuL 
tiire supernatant by post phagocytic macro¬ 
phages. This study extended prior observa¬ 
tions in the monkey model discussed (12) in 
2 important ways. First] it demonstrated 
that an intratracheal injection of heafikilled 
5L aureus (10 ,# lung dose/pig) produced a 
significant in. vivo PMN inflammatory re- 
sponse. Second, when the active factor, 
generated in vitro from macrophages, was 
. instilled intratracheally, a significant in- 
' crease in PMNs in lung BAL was found] 
suggesting an in situ role for this che¬ 
motactic substance. 1 it ' f . 

;■ ' Compared with the saline-injected con¬ 
trol guinea pigs that developed about 0.5 x 
. I0 6 PMNs in lung lavage, the animals that 
received macrophage-derived chemotactic 
factor had about 2 x 10 s PMNs per lavage. 
Consistently, this factor, like the monkey 
macrophage factor, preferentially attracted 
PMNs and had no effect on eosinophils and 
other inflammatory cells. From photomi¬ 
crographs of the lungs, obvious alveolar 
hemorrhage was not produced nor elicited 
by the chemotactic specimens. This latter 
finding has not been stressed enough, I be¬ 
lieve, because the lack of appreciable ery¬ 
throcyte leakage into the alveolar spaces 
distinguishes this mechanism of lung 
inflammation from, that generated by the 
airway, instillation of preformed immune 
complexes (17> 18) or of C,a (19), both of 
which cause alveolar hemorrhage and sug¬ 
gest a more fulminant and possibly iu+ 
jurious lesion. The macrophage-induced 
chemotactic stimulus seemed to produce a 
more discreet and specific PMN accumula¬ 
tion in alveolar spaces. 

Using the same guinea pig model, Gadek 
and colleagues (20) delved more thoroughly 
into the kinds of stimuli that induce al¬ 
veolar macrophages to release the PMN 
specific chemotactic factor. A variety of 
particulates was used to stimulate adherent 
macrophages under tissue culture condi¬ 
tions that included heat-killed S. albus, zyr 
mosan particles, Sepharose beads, and IgG 
containing immune complexes. As noted in 
previous studies, physical adherence of 
macrophages to a surface was a sufficient 
stimulus for chemotactic factor production, 
but the kinetics of its formation were slow 
and did not reach a maximum until 18 h in 
- culture had elapsed. In contrast, this ac- 
■ tivity after particulate stimuli developed 
much faster and was q uite evident in the 3-h 
^supernatant specimens. 

The greatest chemotactic activity, was 
produced by the immune complexes and 
IgG coaled erythrocytes; intermediate ac¬ 
tivity was found with ithc microbial stimuli; 
Furthermore,,if the zymosan particles were 
preincubated with normal serum and then 
fed to macrophage cultures, the output of 
chemotactic factor was twofold greater. 


The active component in serum was found 
to be Cjb, w-hich complexed to the par¬ 
ticulate antigen and probably enhanced at¬ 
tachment to the surface ofithe macrophage. 
Evidence suggests that C 3 b was produced 
by the alternate complement pathway that 
is most likely the dominant pathway operat¬ 
ing in the normal airway (3): These findings 
that IgG and C 3 b containing stimuli elicit 
maximal output are nob surprising, know- 
' ing that alveolar: macrophages have special 
receptors for IgG Fc and C 3 (21 )J Likewise, 
specific receptor binding would ensure 
good particle attachment to cell membranes 
and facilitate phagocytosis. Chromatogra¬ 
phy on Biogel P-2 of macrophage cell cul¬ 
ture supernatant separated chemotactic ac¬ 
tivity into 2 elution positions corresponding 
to molecular weights of 400 to 800 daltbns. 

Evident in all the monkey and guinea pig 
alveolar macrophage experiments was the 
high background of spontaneous secretion 
of chemotactic factor into culture medium. 
In part; cellular attachment to the culture 
chamber is responsible for activating the 
macrophages and increasing baseline meta¬ 
bolic function; preventing cell adherence by 
tumbling thennin culture greatly diminishes 
the production of chemotactic activity. Al¬ 
though ingested panicles, .bacteria, and im¬ 
mune complexes can appreciably enhance 
chemotactic factor secretion, it is evident 
that secretion of the factor is largely non¬ 
specific. Moreover, once liberated; this che¬ 
moattractant activity generated!by macro¬ 
phages may be generalized rather than local 
and selective. Some recent data support this 
view. 

In our initial monkey lavage experiments 
(12), the same portion of the lungs was re¬ 
peatedly lavaged through amaimstem bron- 
' chus; other nonlavaged lobes were not sys¬ 
tematically sampled! for influx of inflam¬ 
matory cells. Likewise,, guinea pigs were 
injected intratracheally with a milliliter of 
fiuid containing macrophage-derived che¬ 
motactic factor, rathenthan selective place¬ 
ment of the sample, and!then whole lungs 
were lavaged to recover cells. Gohen and 
Batra (22), using dogs, found that repeated 
washing of 1 King segment initiated an in¬ 
flux of inflammatory cells into unwashed 
segments, even in the contralateral Itmg. 
Thus, unilateral lung lavage produced a bi- 
' lateral PMN response, always greater in the 
ipsilateral area washed but appreciable in 
the contralateral segment too. Tn fact, re¬ 
peated placement of the wedged!broncho¬ 
scope (5 mm i size) i in a sublobar bronchus 
produced a PMN rich influx into the area, 
demonstrating that actual lavage was not a 
necessary requirement for attracting PMNs 
to the alveolar surface and that a foreign 
body or irritant, inithis instance the bron¬ 
choscope, would suffice. Minimal influx of 
PMNs also was noted in a coupli of dogs 
(2/8)iwhen the contralateral lung that had 
not been invaded with i the bronchoscope 
was lavaged and cells analyzed! The experi¬ 


ments showed that local sublobar lung la¬ 
vage had widespread alveolar effects in that 
repeated lavage or just placement of the 
bronchoscope could evoke a PMN inflam¬ 
matory response in a specific lung area and 
in distant, removed ones as well, indicating 
that a general stimulus must be liberated, 
possibly a neurogenic or reflex one. The ef¬ 
fect was not limited to lung parenchyma be¬ 
cause blood leukocytosis and bone marrow 
release of young forms of PMNs also oc¬ 
curred, no doubt to supply an adequate 
number of PMNs for egress into lung. 
More than just a macrophage chemotactic 
factor was operant in this large-scale re¬ 
sponse. These investigators also found that 
monkeys responded in ia similar way. More¬ 
over, they selectively instilled concentrated 
lung lavage fluid into the rightiorleft bron¬ 
chus intermedius of monkeys and found 
that this fluid elicited a transient but 240% 
increase in peripheral blood PMNs, con¬ 
firming a systemic effect on the bone mar¬ 
row' reserves from the Hing focus. However, 
an identification of active factors presentin 
the lavage fluid was not attempted. 


Human AlVeolar Macrophage Factors 

As expected; the search for inflammatory 
mediators in the airways quickly moved to 
the human lung and focused on the alveolar 
macrophage. Lung lavage of normal volun¬ 
teers produced a high yield of macrophages 
(> 80% of respiratory celli recovered) from 
cigarette smokers and nonsmokers (10). Be¬ 
cause the monkey and guinea pig studies 
had identified a macrophage-derived che¬ 
motactic factor, iti was reasonable to deter¬ 
mine whether human cells made the same. 
Merrill and colleagues (23) found this to be 
the case. In vitro cultured alveolar mac¬ 
rophages produced chemoattractant activi¬ 
ty in cell free supernatant after surface at¬ 
tachment. But peak activity did not occur 
until! 22 h in culture if the cells were not 
stimulated further. Preventing attachment 
by tumbling the macrophages greatly re¬ 
tarded the production of chemoiactic ac¬ 
tivity, bm after 22 h comparable amounts 
of activity were present. However, when 
adherent macrophages were stimulated with 
an IgG-containing immune complex that at¬ 
tached to their cell surface, chemotactic ac¬ 
tivity was detected in the first supernatant 
sample at 3 h and in maximal amount. The 
quick burst of activity tapered off and was 
decidedly less potent in the 22 h sample. Zy¬ 
mosan-particles that gave a microbial pha¬ 
gocytic stimulus produced intermediate 
amounts of chemoiactic activity, reaching 
maximal activity by 6 h, but in contrastsus- 
tained ihe degree of activity, into the 22-h 
supernatant specimen. Thus the kinetics of 
chemotactic activity produced by the mac¬ 
rophage-predominant cell cultures (>95%) 
showed that cell adherence alone was a suf¬ 
ficient'stimulus to cause activity and pre¬ 
venting adherence retarded it significantly, 
but did not prevent it entirely. 
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Of course, mechanical agitation of the 
cells to prevent surface attachment should 
be considered a form of stimulation and is 
not a perfect control situation, especially 
when compared with the macrophages’ in 
situ position on the alveolar surface. Lung 
movement obviously occurs with ventila¬ 
tion, but the rhythmic, less violent expan¬ 
sion-contraction of the alveolar surface oc¬ 
curring with tidal breathing and modulated 
by surfactant and other secretions may be 
far different from a rotating, plastic tube 
and sloshing medium. Of interest, approx¬ 
imately 2 wk in longterm culture was re¬ 
quired before alveolar macrophages seemed 
to calm down and produce no detectable 
chemotactic activity in their culture 
medium. Poor nutrition and marginally vi¬ 
able cells were not the entire explanation, 
because cellular stimulation with IgG com¬ 
plexes produced maximal secretion of che¬ 
motactic activity from the 2-wk-oId macro¬ 
phage cultures. Like macrophages from 
other species, the chemoattractant sub¬ 
stance^) was relatively specific for inducing 
PMN motility and decidedly less potent for 
mononuclear cells. . .... 

To characterize the chemotactic activity 
produced by monolayers of alveolar macro¬ 
phages from noncigarette smokers, super¬ 
natant specimens from unstimulated cell 
cultures were collected, concentrated, and 
chromatographed on a calibrated Sephadex 
column (figure 4). Eluent fractions con¬ 
taining chemotactic activity for PMNs cen¬ 
tered about the elution position of a 
9,500-dalton material and an approximately 
1,000-dalton marker. In similar studies us¬ 
ing supernatant from zymosan-stimulated 
macrophages, the same 2 peaks of chemo¬ 
tactic activity were detected in the elution 
profile, but the relative potency of the ac¬ 
tivity was somewhat different, shifting to 

• mere of the smaller molecular factor. This 
suggested that acute cell activation might 
change the relative proportions of factor se¬ 
cretion or indicate that the smaller sub¬ 
stance was a breakdown product of the 
larger. 

The relationship between these 2 possible 

* chemotactic factors was not elucidated com¬ 
pletely. Further analysis of the larger mole¬ 
cular weight factor indicated it was suscep¬ 
tible to proteolytic degradation with trypsin 
that diminished its activity. Isoelectric fo¬ 
cusing in polyacrylamide gels of an ,3, I 
trace-labeled specimen actually revealed the 

, ‘“homogenous" factor to disperse into a 
multiple band profile, but with chemoat¬ 
tractant activity confined to a single peak 
with a pi of 5:0 (peak B). Various inhibi¬ 
tors, including anti-Cj and -C } antisera,, 
confirmed the integrity of this 9,500-dalton' 
chemotactic factor to be non-compliment 
in nature. But blocking prostaglandin 
metabolism in the cells did> inhibit early 
release of chemotactic activity by macro¬ 
phages, and it was considered probable lhati 
some activity attributed to the small molec- 
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Fig. A. Gel filtration of .pooled AM: culture super- 
nates. One hundred titty ml ofiumstimulialed AM 
culture supernate from nonsmokers were concen¬ 
trated to 7 ml and filtered through: Sephadex G-50 
SF (column dimensions 2.6 (i d.) x 61.4 cm with 
gel bed volume of 324.6 ml) in phosphate-buttered 
saline, pH 7X The position of eluent fractions 
(4.5-mt fractions were collected) ii expressed as 
Ve/Vt. In Panel A, the relative protein content (A, Tt ) 
of the fractions and the elution position of calibra¬ 
tion markers are given. In B, migration of PMNs in 
micrometers toward these fractions is shown.' 
Control cell migration in the buffer was 30 Mm. The 
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particles provided an additional increment, 
** especially, with heat-killed Staphylococcus 
aureus. IgG-containing complexes were 
particularly potent, but complement recep- 
* tor attachment to the macrophages’ surface 
„ 1 was not an efficacious stimulant. • 

" r \.* After fractionation of active cell culture 
supernatants, chemotactic activity was con- 
" ^ sistently found in the 400 to 600 dalton elu- 
tion range of the calibrated columns. De¬ 
tailed characterization of this material found 
it to: be stable on heating at 56° C and 
100° C, exhibit stability over an enormous 
pH range (pH 1.0 to 12.0), resist a variety 
of proteolytic enzymes, contain 2 major 
? " isoelectric points (PI 7.6 and 5.2)j and be 
.Y '■ ,‘ v ], extracted by organic solvents, suggesting it 
V : 'contained some lipid components. In terms 

? Y -V- J " of functional activity, the material was 
preferentially active for directing migration 
' of PMNs compared with that of monocytes 
and eosinophils. Moreover, macrophage 
supernatants containing chemotactic activ¬ 
ity induced normal human PMNs to release 
lysozyme and lactofen-in. 

In summary, several Ismail imolecular size 
chemotactic factors have been conclusively 
demonstrated and characterized. These fac¬ 
tors are compared (table 2) for the various 
species of alveolar macrophage studied. It 
seems that human alveolar macrophages 
can secrete at least 2 well-defined chemotac¬ 
tic factors that show selective activity for 
PMNs. The small < 1,000-dalton factor is 
in part a lipid-containing substance and 
may represent a lipoxygenase pathway me¬ 
tabolite of arachidonic acid. This possibility 
is relevant because one such substance, 
J2^L-bydroxy-5,8,10,14-eicosatetraenoic 



column apparatus was sterile and eluent tractions 
were free of detectable endotoxin .material (from ac ^ found to stimulate random 

reference 23). - • - ^ j and directed migration of PMNs and eosin¬ 

ophils (25, 26), 


ular weight substance could represent a 
lipoxygenase pathway product. 

Concomitantly, Hunninghake and coU 
leagues (24) were analyzing their human aF 
veolar macrophage-derived chemotactic 
factor. The results were complementary but 
slightly different, although the basic 
methodology used was generally similar. 
BAL from healthy nonsmokers recovered 
respiratory cells, principally alveolar mac¬ 
rophages (mean 92%), that were cultured 
and stimulated with a variety ofi particles, 
opsonized particulates, and immune com¬ 
plexes (bovine serum albumin-IgG anti- 
BSA aniibody)j, Active cell supernatants 
were chromatographed through Sephadex 
G-25 or Biogel P-2gelimedia in phosphate- 
buffered saline. Cell supernatants were gen¬ 
erally harvested 3 h after specific stimula¬ 
tion for assay. Just as we noted (23), special 
macrophage stimulation could enhance the 
release or secretion ofichemotactic activity 
tn several hours; however, with extended 
culture (18 h), nonstimulated controllcells 
eventually produced maximal activity. All 
particles stimulated chemotactic activity 
versus controls, but'opsonization of the 


To give credence to the concept that an 
alveolar macrophage-derived chemotactic 
factor might participate in the inflamma¬ 
tory reaction in human lung diseases, Hun¬ 
ninghake and colleagues (27) sought evi¬ 
dence of chemotaxin secretion by alveolar 
cells lavaged from patients with idiopathic 
pulmonary fibrosis (1PF)- This was a rele¬ 
vant'disease to study because a low-grade 
alveolar inflammation is often present, es¬ 
pecially in an early, cellular stage of disease. 
In the initial studies analyzing bronchoal- 
veolar lavage fluid from IPF patients (28, 
29), it was noted that among the respiratory 
cells retrieved from untreated patients, 
PMNs accounted for a consistent percent¬ 
age (mean about'30%, 5 to 80 range ob¬ 
served) ofi the cells. A small percentage of 
eosinophils (about 4%) also was character¬ 
istic. Moreover, PMNs correlated with cel¬ 
lular reactivity in biopsy specimens (28) and 
with gallium lung scanning that generally 
reflects isotope uptake by inflammatory 
cells and activatedmacrophages (30). 

A group of 15 patients with 1PF, con¬ 
sidered to be in midstage of their disease, 
were investigated fori possible secretion of 
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‘ COMPARISON OF AUVEOLAR MACROPHAGE DERIVED FACTORS 


Monkey'* vjuf:. 5,000 daltons 

; " -:-nl • **:»? V'.wTu,; v-ra^./.* 

- Guinea pi© 1 * •-> *1,500 daltons 

' .-^ ... ;, . .. : <600d) 


< 1,000 daltons 

.•:^C:-;: : ^ . (600d) 

. Ay/ilz l//t> v£ 
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Heat siable P ; :;.i. v 
it . Lr-vv. 
if?.;> ,: 1 ••' iisi*. 

Sensitive 1o trypsin and 
1 heat stable ■ ■*■- '•'•*• 
” Resistant to trypsin and 

■ proteases, heat and pH 
-stable _ .... 

it Sensitive to serum chemo- 

■ tactic factor inhibitor 


Characteristics 

Attracted PM Ns not monocytes 
or eosinophils . 

Generated after,#/! vivo 
phagocytosis, had in vivo 
chemotactic activity •, ->rfj; 

PMNS attracted PI 5.0 

' PMNS attracted in preference 
to monocytes and eosinophils; 
promoted release of ietastase 
and lysozyme from PMNs 
PI 7.6 and 5 2 in part HpW, but 
not HETE 


alveolar macrophage-derived chemotactic 
factor and: compared with 8 nonsmoker 
normal volunteers (27). After BAL to re¬ 
trieve respiratory cells from both groups, 
the cells were submitted to Hypaque-Ficoil 
density centrifugation to remove PMNs; 
the purified!mononuclear cells, principally 
alveolar macrophages, were cultured for 3 h 
after which . supernatant fluids were Har¬ 
vested and ievaluated for chemotactic activ¬ 
ity. Various stimuli were given to the mac¬ 
rophage cultures in the form of concentrated 
BAL fluid from 1PF patients, Sepharose 4B 
beads, and IgG coated ox erythrocytes. Re- 
suits of respiratory differential cell counts 
in the patients showed that 9 of 15 had 
greater than 10% PMNs among the cells 
(approximately 35%), and that the other 
' patients had less than 10%; the normal 
[. nonsmokers did not have PMNs. Once in 
-. culture, macrophages from IPF patients 
with > 10% PMNS in their original mixture 
of lavage cells spontaneously released che- 
* motactic activity into the culture medium, 
whereas cells from those with fewer than. 
10% PMNs generally did not release activ¬ 
ity, nor did the cells from nonsmokeTs. 

This just may, have reflected nonspecific 
activity by the macrophages, and an inter¬ 
esting control would have been secretion by 
either intrinsically active macrophages as 
^obtained from sarcoidosis patients or age- 
'matchcd smokers. Nonetheless, the IPF 
macrophages clearly generated large amounts 
of chemotactic activity quickly (by 3 h); 
when this activity was localized in the chro¬ 
matogram i (Sephadex G-25 gel) of the su¬ 
pernatant fluid, it was found in the 400 to 
600 molecular, weight range fractions eluted 
from the calibrated column. Further analy¬ 
sis of this material Ishowed preferential che¬ 
moattractant activity for PMNs compared 
with blood monocytes, and this activity was 
largely extractable with organic solvents, in¬ 
dicating a significant lipid component to be 
present Thus, Hunninghake and colleagues 
succeeded in identifying the same kind of 
small molecular weight, partially; lipid-con¬ 
taining chemotactic factor they had previ¬ 


ously found from normal alveolar macro¬ 
phages (24). 

These investigators looked further for a 
mechanism that could account for the se¬ 
cretion of chemotactic factor, by IPF mac¬ 
rophages, an important cell component of 
the inflammatory, cellular milieu of active 
alveolitis. The stimulus seemed to be in the 
form of an immune complex based on .the 
following evidence: (/) patients with serum 
titers of immune complexes generally had 
alveolar macrophages that released large 
amounts of chemotactic factor, (2) lavage 
fluid obtained from patients with immune 
complex titers in serum could stimulate nor¬ 
mal macrophages to secrete the factor, (3) 
actively secreting macrophages had partial 
blockage of their surface IgG Fc receptors, 
suggesting concomitant binding of immune 
complexes, and (4) intracytoplasmio granu¬ 
lar deposits of IgG, identified with immu- 
nofluorescent antiserum, were in the active¬ 
ly secreting macrophages. In BAL fluid Tor 
9 of 10 IPF patients with actively, secreting 
macrophages, Gi q binding was increased, 
compared with fluid from normal subjects 
and from IPF patients whose macrophages 
did not release chemotactic factor, indicat¬ 
ing that IgG complexes were present. ,Enu¬ 
meration .of immunoglobulin secreting cells 
(B-lymphocytes) in' BAL was not deter¬ 
mined for these patients (31, 32), so the ori¬ 
gin of the complexes, w hether from periph¬ 
eral I blood or local secretion in lungs, was 
not known. 

This study indicates that a chemotactic 
factor was released from alveolar macro¬ 
phages of patients with IPF who were in an 
active phase of alveolitis with PMNs pres¬ 
ent in bronchoalveolar lavage fluid. IgG im¬ 
mune complexes appear to be an important 
macrophage stimulus. Thus an endogenous, 
airside chemolaxin can be released quickly 
within a few hours and this capability corre¬ 
lates with an elevated PMNicount ( > 10% 
respiratory cells). It is important that exces¬ 
sive chemotactic factor secretion has been 
found in a special disease in which some in¬ 
flammatory cell reaction is a usuallpatho- 






- ■ logic finding. The mechanism offered seems 

reasonable that chemotactic factor, released 
from alveolar macrophages can attract PMNS 
to the lung. In contrast, a diminished, in¬ 
sufficient inflammatory response in the 
lungs is often noted in patients or animali 
,< that are immunosuppressed and have a pro- 

- pensity to develop bacterial respiratory in- 
fection. Often profound granulocytopenia 

. and a depleted bone marrow supply of. 
r PMNs are the ready explanations. Impaired 
alveolar macrophages, specifically a dimin¬ 
ished capacity to generate chemotactic fac¬ 
tor activity, also could contribute to a dc- 
, pressed lung inflammatory, response. 

Pennington and Harris (33) examined 
, that question with a guinea pig model in 
'1 which cyclophosphamide (15 mg/kg weight/ 
i day) or cortisone acetate (100 mg/kg weight, 
subcutaneously) treatment was given for 7 
days. Alveolar macrophages were then ob- 
, tained by lung lavage and placed in tissue 
cullure. Adherent but otherwise unstimu¬ 
lated cells were left in culture for 24 h .and at 
this lime (for no activity was found in 4-hl 
cultures) celffree supernatant was assayed; 
for chemotactic activity for PMNs. Both 
treatment regimens given for a week caused' 
approximately a 25% decrease in the poten¬ 
cy of the macrophage supernatant to attract 
PMNs. It was concluded that chemotactic 
activity produced by macrophages could be 
adversely affected and this might blunt the 
inflammatory response. Because therapy 
with corticosteroids does favorably influ¬ 
ence PMN counts and inflammation .in the 
airways of patients with cellular forms of 
IPF (29, 32), suppression of endogenously 
, produced alveolar macrophage chemotactic 
factor might result. For the IPF patients in 
the series of Hunninghake and coworkers 
(27), 3 patients in the high and the low in¬ 
tensity alveoiids groups were receiving cor¬ 
ticosteroids when, studied, but. the macro¬ 
phage output of chemotactic substance was 
not compared in these respective specimens. 
Thus the Pennington and Harris (33) obser¬ 
vation has not been extended to a human 
situation in which corticosteroid therapy 
was given. 

Other Chemotaxfns, Potentially of 
Alveolar Macrophage Origin 
A large array of: biolbgic substances has 
been attributed to synthesis and secretion 
by macrophages (15, 34; 35). In a recent 
count, over 50 things had been identified 
(34) and it is probable that new entries will 
be added. However, only 2 substances in 
the current list seem to have clear chemo¬ 
tactic activity that would qualify them for 
serious consideration as other endogenous 
chemotaxins produced by alveolar macro¬ 
phages. They are C*a and certain leukotri- 
enes derived from arachiidonic acid metabo¬ 
lism. 

The role of the complement system , in 
host defense of the airways and alveolar 
surface remains controversial. Properdin 
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; Factor B (36) and a number of other com¬ 
plement components have been identified in 
lung lavage fluids (9, 29, 37) which support 
the concept that alternate pathway activa¬ 
tion may be important in the lung. We re¬ 
viewed this topic in detail in Reference 3. 
Interest focuses primarily, on C s a and C 3 a 
des arg, considered to be the most potent 
inflammatory mediators and chcmotactic 
molecules liberated by the complement cas¬ 
cades. These are capable by themselves of 
causing acute airway hemorrhage and exu¬ 
dation after intratracheal instillation (IB, 
19, 39, 40). If direct activation of alterna¬ 
tive complement pathway actually occurs in 
the airways, then it is reasonable to postu¬ 
late that a variety of inhaled or aspirated 
particles and microbes that gain access to 
the respiratory tree can trigger the comple¬ 
ment cascade;; Cj and C 5 plus other inter¬ 
mediate components like the trimoleculir 
compkx Cj* 7 , could be liberated and!pro¬ 
duce a number of fragments with chemoat¬ 
tractant properties. Quantitatively, C 5 de¬ 
rivatives seem to be the most effective and 1 
potent of the complement group. 

Instead of generating one of these phlo¬ 
gistic fragments from the complement cas¬ 
cades, the precursor component normally 
may be present in airway lining secretions. 
Wt certainly found C 5 activity in concen¬ 
trated BAL fluid obtained with serial lavage 
of ostensibly normal monkeys ( 12 ). Kolb 
and' coworkers (41) also found antigenic 
and: functional Cj, activity, in concentrated 
BAL fluid from cigarette smoke-exposed 
and normal nonhuman primates (baboons). 
Cj hemolytic activity in BAL fluids actually 
was almost twofold higher than in corre¬ 
sponding scrum samples (C5H50 titers per 
albumin concentration were about 800 in 
BAL in contrast'to mean values of 450 in 
serum), and resistant to inactivation by exo- 
-genous trypsin. These results indicated that 
the intact C s precursor moltcule is present 
in the alveolar compartment. In contrast, 
preliminary studies looking for Cj in hu-^ 
man lavage fluids from normal non smokers 
(42) have noted a paucity of this factor, 
compared with serum, raising the probabifi 
ily that appreciable diffusion of Cj from 
the vascular space into the lower respiratory 
tract must occur before a sufficient amount 
is present for activation. 

Another possibility is that complement 
components are directly added to respira¬ 
tory secretions from local synthesis in the 
lung; some evidence supports a cellular 
source for this. Scherzer and colleagues (43) 
have found that in vitro cultured human al¬ 
veolar macrophages synthesize and secrete 
into cell supernatant fluidi, functional Cj 
and Cj, as assessed by a hemolytic assay 
and further identified amigenically. Penn¬ 
ington and coworkers (44) also have assessed 
the production of complement factors by in 
vitro cultured human alveolar macrophages; 
specifically, they looked for Cj,Cj, C 4 ,Cj, 
and factor B, These macrophages w ere la- 
vaged from patients with a variety of dis¬ 


eases including sarcoidosis, squamous cell 
carcinoma, and recurrent pulmonary infec¬ 
tions. Most cell specimens produced func- 
tional C : and factor B, and several made 
Cj; none produced C 4 and Cs. It seems evi¬ 
dent that cultured alveol&r macrophages 
can spontaneously produce a variety of 
functionally active complement compo¬ 
nents that are linked with the classical and 
with the alternate pathways. It is plausible 
to believe that the celli can add these com¬ 
ponents directly to the fluid milieu of the al¬ 
veolar surface and hence be available to in¬ 
teract with deposited, inhakd debris and 
micro-organisms. Questions still left unan¬ 
swered are the quantitative nature ofithe se¬ 
cretion,; whether it is regulated or spontane¬ 
ous, and how specific the response can be 
when stimulated by phagocytosis or im¬ 
mune complexes attaching to the cell’s sur¬ 
face. Moreover, C s does not seem to be the 
sole complement component produced and 
it may not be made in predictable amounts. 

Considerable interest is focusing on other 
macrophage products that' have potential 
phlogistic activity; platelet-activating factor 
and certain products of lipoxygenase path¬ 
way of arachidonic arid metabolism. Be¬ 
cause this work is just emerging like the 
complement workman exhaustive review ofi 
largely preliminary publications is prema+ 
ture. The leukotriene products, derived 
from oxidative metabolism of arachidonic 
acid along the lipoxygenase pathway, have 
spasmotic properties that can cause bron- 
chospasm, and one of the principal media¬ 
tors of allergic Type liasthma t a slow react¬ 
ing substance of anaphylaxis (SRSa), has 
been found to contain 3 leukotrienes: LTC 4 , 
LTD 4 , and LTE 4 (45* 46), Initial evidence 
suggests that alveolar macrophages from 
rats (47, 48) may secrete smalllamounts of 
SRSa and thereby be an alternate source of 
this mediator. On the basis ofi work with 
human PMNs, stimulation will produce 
several lipoxygenase products that have 
chemotactic properties for other inflamma¬ 
tory cells, namely 5-monohydroxyeicosalet- 
raenoic aridi(5-HETE), and 5,12-dihydroxy- 
eicosatetraenoic acid (LTB 4 ). Such prod¬ 
ucts have not been identified conclusively in 
alveolar macrophages; however, the low 
moltcul&r weight! chcmotactic factor re¬ 
leased from human alveolar macrophages, 
as characterized by Hunninghake and col¬ 
leagues (24, 27); is partially lipid in nature 
and may constitute part of a HETE-type 
moiety. LTB 4 is, perhaps, of even more im 
terest for it is a potent chemotactic factor 
with activity that is comparable with C 3 
(49). Undoubtedly the potential role of 
these substances (50) must'await their, iden¬ 
tification in appropriate celli that can initi¬ 
ate the inflammatory, reaction In the airways. 


Perspective: Role of 
Endogenous Chemotaxins 
As already mentioned, the capability of 
generating an inflammatory reaction in the 
alveoli and on distal airway surfaces of the 
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lung is a fundamental element of normal re¬ 
spiratory host defense. Yet full mobiliza¬ 
tion iof the reaction is seldom needed; overt 
pneumonia, as an example, is an infrequent 
occurrence in the healthy person. Thus indi¬ 
vidual, well4controlkd components of the 
overall defense system suffice in most in¬ 
stances to clear or contain foci of debris 
and infection. 

Exclusion of foreign substances inhaled 
with inspired air is obviously very efficient, 
and the usual surveillance mechanisms op¬ 
erant in the nose, throat, and conducting 
airways are effective in intercepting these 
things. On the air exchange surface, alveo¬ 
lar macrophages are assumed to be the scav¬ 
enger and phagocytic cell front line that 
cleanses this area,,but this may not always 
be the case as the particular panicle or mi¬ 
crobe can be handled in different ways. 
Amply shown in aerosol-exposed animal: 
models that feature reproducible deposition 
of bacteria in the lungs (51-53), certain bac¬ 
teria; such as Streptococcus sanguis and 
Staphylococcus aureus, are contained by al¬ 
veolar macrophages; whereas others require 
a combined macrophage and PMN response, 
as found for Streptococcus salivaris, or eli¬ 
cit a predominantly PMN response in the 
case of Xeisseria catarraiis or Klebsiella 
pneumoniae and Escherichia colt. In gener¬ 
al terms (54), the gram negative organisms 
containing lipopoiysaccharidi cell! wall 
components evoke more inflammatory re¬ 
sponse with PMNi than gram-positive 
ones, a distinction of some relevance in as¬ 
sessing which factors are important in initi¬ 
ating the host’s inflammatory reaction (fig¬ 
ure 5). 

Once in the alveolus, a bacterium might 
stick to the lipid'(surfactant) proteinacious 
lining secretions that are thinly spread over 
the alveolar surface and may soon be in¬ 
gested by a macrophage. However, several 
possible things could happen. The bacterti 
urn, an encapsulated one of a gram-positive 
(GR + ) or gram-negative (OR-) variety, 
could become coated with a mixture of irm 
munoglobulin (? antibody), surfactant, and 
fibronectin, or interact directly with avail¬ 
able complement pathway proteins. Pro¬ 
teases (and lipopolysaccharide from the 
grarmnegative organism) from the bacteri¬ 
um could be liberated ias a consequence and 
activate or degrade any pans of the mixture 
just mentioned. What ensues might not 
always be predictable. The complement se¬ 
quence could be activated (alternate path¬ 
way) and C5a or Cj, desarg generated 
directly from a precursor component, or op¬ 
sonic antibody and fibronectin could ifacili- 
tate phagocytosis by the macrophages that 
would lead to bactericidal killing of the mi¬ 
crobe. Once stimulated, the macrophage 
could enhance its secretion of chemotactic 
factors, including HETE and possible 
leukotrienes, or produce complement com¬ 
ponents. Cj. once present can also stimulate 
macrophages to release chemotactic factor 
and lysozomal enzymes (39). The net effect 
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Fig. 5. Generation of the inflammatory response can be viewed as a dynamic process involving both i 
sides of the air.blood interface, but in this illustration the stimulus originates on the airway-alveolar sur¬ 
face and spreads to include cellular and humoral elements in the adjacent capillary and on the endothe¬ 
lial surface. The airway stimulus could be multiple things, but an inhaled or aspired bacterium is an 
appropriate one (see text for details). ^ . 
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of all these things could be an appreciable 
increase locally in the alVeolus of several 
factors that'possess potent chemo-attrac- 
tannactivity. Either maintenance of a large 
concentration gradient across the air-blood 
interface or diffusion of these factors into 
the vascular compartment could begin the 
influx of other inflammatory cells into the 
alveolus. Because the macrophage chemo- 
taetio factors studied are rather selective for 
PMNs, PMN phagocytes seem to be prefer¬ 
entially attracted from the circulating-mar* 
ginated blood pool- Thus a combination of 
local macrophage and exogenous PMN 
phagocytic firepower can be mobilized to 
the alveolus. •. - V* ~ i - 

Obviously, many other components of 
" the inflammatory response are present in 
the alveolus, and mechanisms that could be 
responsible for them are still I poorly 
understood. Evidence suggests that pro¬ 
teases liberatedi from PMNs or mast cells 
can activate a number of Hageman factor- 
dependent pathways that can initiate the 
complement sequence,, kinin system, and 
fibrinolysis in addition to the intrinsic 
pathway of coagulation usually associated 
with this factor. Whether all of these 
. pathways are operant in the lung is not 
known conclusively: However, a number of 
}. intermediate products formed from these 

- . pathways could be relevant in the inflam¬ 

matory reaction. Plasminogen activator 

- and kallikrein have chemoattractant activi¬ 
ty; others have vascular effects that could 

J. beimponant. Products of the kinin system 
■ : . such as bradykinin can alter vascularperme- 
ability, that could cause leakage of fluid! 
from the plasma compartment into alveoli. 
“Infiammaiion” tends to emphasize cellular 
‘ components of the reaction, but fluid 
, . elements are perhaps of equal importance. 

- Once selective permeability of the endothe¬ 
lial-epithelial surfaces ofi the blood-air bar¬ 


rier is breached, possibly governed by 
vasoactive mediators, wholesale transuda¬ 
tion of plasma proteins occurs, and high 
concentrations of many substances impor¬ 
tant in the inflammatory process, such as 
complement components, can accumulate. 

What becomes crucial is to determine 
where the fine-tuning of the reaction oc¬ 
curs. What recognizes the specie of bacte¬ 
ria, for example; what causes the switch in 
phagocytic cell response between'macro¬ 
phages and PMNs; what amplifies the reac¬ 
tion and mobilizes blood cell and plasma re¬ 
sources, andiwhat calls a halt to things once 
the invasion is contained and gets clean-up 
and repair under way? In other words, is 
the reaction a selective and qualitative one 
with intrinsic control? Alternatively, there 
may be nothing selective about the inflam¬ 
matory sequence in the lung, and it is just a 
quantitative response. 

After a certain degree of local injury, the 
response escalates, aibeitiin a rather predict* 
able way. Obviously, it is an oversimplifica¬ 
tion to consider that just one component of 
lung or systemic host defense is in charge of 
everything, because bioldgy is more diver 
than this and several levels of regulation are. 
tnvariably available. However, the tissue 
macrophages in the lung are a plausible cel¬ 
lular entity to focus on as potentially a very 
important point of control in the inflamma¬ 
tory reaction just outlined. What makes 
this consideration iat all feasible sterns from 
the extraordinary versatility of the macro¬ 
phage itself, which can be at once an affec- 
tonr cell land phagocyte par excellence, and 
an effector cell capable of secreting a be¬ 
wildering array of biologic substances (15, 
34, 35). Chemotactic factors, complement 
components, and leukotrienes, selectively 
considered in this report, constitute only a 
small number of substances these cells can 
create. 


A small percentage of PMNs is usually 
found among the respiratory cells retrieved 
by BAL from lungs ofi nonsmokers (about 
l^o) and dgarette smokers (about 
since lavage may not completely dislbdge all 
the PMNS, the actual in situ number on the 
alveolar and peripheral airway surfaces is 
probably greater. But why PMNs should 
leave their circulating blood pool and mi+ 
grate into the lung parenchyma and onto 
the air exchange surface, in the absence of 
an overt stimulus to attract them, is uncer¬ 
tain. In smokers who inhale burning ciga¬ 
rette gases and particles, the added airway 
debris probably accounts for the influx of 
PMNs and the huge increase in the number, 
of macrophages; whereas, in normal non- 
smokers small foci of bacteria and occa¬ 
sional particles landing on the alveolar sur¬ 
face could serve as a continuing; low grade 
stimulus for a very modest inflammatory 
cell influx. On the other hand, alveolar 
macrophages are clearly capable of secret¬ 
ing chemotactic factors that seem to prefer¬ 
entially attract PMNs and they could pro¬ 
vide one such alveolar-side stimulus. In 
vitroi how ever; the secretion of chemotactic 
factors seems nonspecific and can be gener¬ 
ated simply by cell adherence and pro¬ 
longed culture, although certain phagocytic 
and immune complex stimuli can greatly en¬ 
hance output; 

In vivo, things might be quite different. 
Macrophages are dispersed throughout the 
alveoli surface and one cell lpatrols several 
alveoli; other macrophages are present in 
the interstitial and structural areas of the al4 
veoli, presumably undergoing maturation' 
before emerging on the air exchange sur¬ 
face. It is not known if the young, maturing 
macrophages are as capable as the alveolar 
ones of secrefing chemotactic factors. Where¬ 
as, in vitro, several million macrophages, 
activated by' having to attach to a foreign 
surface, seem to produce spontaneously a 
lot of chemotactically active material in cell 
culture supernatant, the actual concentra¬ 
tion of factors liberated by a single macro¬ 
phage into its immediate surroundings 
could be quite minute. Such an amount 
might not be sufficient to actually attract 
PMNs into the alveolar space, but the fac¬ 
tor could seep into the capillary endotheli¬ 
um and promote sticking of PMNs to Thai 
surface. Hence a low level of tonic secretion 
of chemotactic factors by airside alveolar 
macrophages might be a mechanism for lo¬ 
calizing inflammatory ceils such i as PMNs 
in adjacent lung capillaries; more potent 
stimuli may be required to draw them into 
lung parenchyma. Withini several hours, 
macrophages can maximally secrete chemo- 
tactio factors in response to a phagocytic 
challenge or IgG containing immune com¬ 
plexes, a situation that might need to occur 
before PMN influx takes place. In addition, 
other stimuli including complement frag¬ 
ments, arising independently, may need to 
act together to promote inflammation. 
Conceivably, macrophage chemotactic fac- 
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tors have a dual role: </) to diffuse out of 
the alveoli surface and aid with margination 
of PMNs in the vasculature, and (2) to ac¬ 
cumulate in sufficient concentration inlra- 
alveolarly to create a gradient that will at- 
■ tract cells across the blood-air interface 
onto the alveolar surface. ..,*»(. . :•>. <r-i 

.The importance of macrophage-derived 

-; factors in promoting chronic lung diseases 
that have persistent low-grade PMN inflam¬ 
mation is likewise unclear. Chronic bron¬ 
chitis and emphysema associated with cig¬ 
arette smoking feature elastolytic tissue 
damage that occurs in part from a combina¬ 
tion of excessive leukocytic elastase released 
from PMNS and inadequate neutralization 
of it by the protease inhibitor, alpha, anti¬ 
trypsin, that is rendered nonfunctional by 
the smoke (55, 56 )j Not only do such suk- 
jects have a huge increase in the number of 
alveolar macrophages, but their macro¬ 
phages are generally more active biochemi¬ 
cally (57), and tonic secretion of chemotac¬ 
tic factor seems to be greater. PMN influx 
into lung tissue might be aggravated. This 
seems to be a mechanism in patients with 
idiopathic pulmonary fibrosis who have a 
high percentage of PMNs in their alveoli 
and airways, but in this disease an addition* 
ai stimulus such as an immune complex 
* might be required to promote chemotactic 
factor secretion. ' 

Nonetheless it seems reasonable to con¬ 
sider ways ofi blocking the biologic activity 
of macrophage chemotactic factors. A 
means of selectively suppressing the macro¬ 
phage does not appear obvious, although 
corticosteroids and other immunosuppres¬ 
sion may generally reduce chemotactic fac¬ 
tor production (33). Alternatively, develop¬ 
ment of an inhibitor polypeptide or a specific 
monoclonal antibody might be feasible 
ways to block this chemotactic activity exo¬ 
genously. Hopefully, some form of chemo- 
tactic inactivator will emerge in the future 
as a possible therapeutic agent to modulate 
inflammation. , 
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The Presence of Neutrophil Elastase and Evidence of Oxidation Activity in 
Bronchoalveolar Lavage Fluid of Patients with 
Adult Respiratory Distress Syndrome 1,2 


rr.i ; li.r. rg&rth Vi?i.i- .icx 


CHARLES G. COCHRANE, ROGER G. SPRAGG, SUSAN D. REVAK, 
ALLEN B. COHEN, and WILLIAM W. McGUIRE : v 




We examined bronchoalveolar lavage 
(BAL) fluids from patients with adult res¬ 
piratory distress syndrome (ARDS) for the 
presence of mediators of the inflammatory 
injury. The method of obtaining BAL 
fluids, together with a critique of the pro¬ 
cedure, has been published (l)j 

In the initial; experiments, aliquots of 
BAL fluid were incubated with (M»Q com¬ 
ponents ofi the contact (Hageman factor, 
prekallikrein, plasminogen, and high mo¬ 
lecular weight: kininogen) and complement 
system of proteins to determine whether ac¬ 
tivators of these systems could be found' 
(figure 1). BAL fluids of ARDS patients 
contained protease(s) that cleaved 4 com¬ 
ponents of the contact system, and C3, C4, 
C5, and factor: 8 Of the complement system, 
(data not shown): Plasma of the patients, 
diluted to the same concentration of protein 
as the BAL fluidj : was not active. 

The major protease of the BAL flliids 


SUMMARY Evidence obtained by biochemical analysis of BAL Raids from patients with ARDS 
Indicates that at least two important pathogenic events take place in the pulmonary tissues. 
These are the release of elastase from neutrophils and the generation of oxidants. Both events 
can lead to severe pulmonary injury, as has been demonstrated in liboratory animals and Iso¬ 
lated perfused lungs. AM REV RESPIR DlS ISM; 127:S2S-S27 


was identified by use of inhibitors, to deter¬ 
mine an inhibitory profile, and by specific 
methods (1). The proteolytic activity was 
inhibited entirely, in I0‘ 4 M diisopropyl- 
phosphoflUoridate (DFP)ibut not by chela¬ 
tion with 1,10 phenanthroline. Trasylol was 
also inhibitory, but only in high concentra¬ 
tion. Cl inhibitor: was inactive, but while 
normal plasma could inactivate the en- 
zymes(s)j, o-l-PI (AlAT) j deficient plasma 
did inot. Addition of purified a-l-PI to the 
deficient plasma reconstitutedithe inhibitor 
capacity. This suggested that' leukocytic 
proteases could be involved. 


The protease was then found to lyse 
insoluble elastin and cleave meihoxysuc- 
ciriyl (ala) 2 pro val pNA, both substrates for 


1 From the Scripps Clinic and Research Foun¬ 
dation, La Jolla, California, Tfemple University, 
Philadelphia, Pennsylvania, and the University 
of California, San Diego. 

1 Thiis article is publication No. 2762 from it he 
Research institute of Scripps Clinic, Supported! 
in part by Grant No. A ll7354, No. HL-I6411, 
and HL-23584 from the National Institutes of 
Health; Grant No..N-00014 from the Office of 
Naval Research'*, and the Council for Tobacco 
Research. 
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Fig.1. SDS-RAGE With flrmercaptoeihanol of ,<s t 
labeled Hageman Factor (HF), prekatlikrein (PK), 
plasminogen 1 (PU, and high molecular weight 
klninogen (HMWK) alter incubation (20 min 37* C) 
with 20 *1 of plasma (diluted 1:70 with sterile sa- 
line| (P) or 20 of bronchoafveoiar lavage fluid (8) 
of patient 7. Cleavage of each protein occurred 
alter Incubation with lavage fluid as described in 
the (ext A radiolabeled contaminant is present in 
the HF preparation in P Immediately below the 
major band of HF. and a small amount of sponta¬ 
neously cleaved plasminogen and HMWK was ot> 
served in the preparations that were untreated or 
exposed to plasma (P). (From McGuire, ef $1^ J 
Clin invest 1982; 69:543-53.) 


neutrophil elastase. Because chelation with 
1,10 phenanthroline failed to block proteo¬ 
lytic activity and, as noted, DFP was inhibi¬ 
tory, the elistase was differentiated from 
macrophage enzyme. Monospecific anti- 
. bodies to neutrophil elastase reacted with 
antigen in the BAL fluid of ARDS patients 
(figure 2) and inhibited the protease activ¬ 


ity. The enzyme was therefore identified as 
neutrophil elastase (NE). • ‘ 

: fn order to determine if the NE was the 
predominant enzyme, ( J H] DFP was added 
to BAL fluids and the incubated mixture 
subjected to polyacrylamide gel electro¬ 
phoresis in sodium dodccyl sulfate (SDS- 
PAGE), followed by autoradiography. The 
autoradiographs revealed [ J H]DFP binding 
to proteins exclusively at 28,000-31,000 Mrv 
i.e., in the range of NE. These combined 
data suggested that NE was the dominant 
protease in the BAL fluids, 

NE activity was found in BAL fluids of 
17 out of 24 patients with ARDS. Inactive 
NE was detected in an additional 4 patients 
immunologicaily. Only single samples of 
BAL fluid were available from the patients 
not containing NE activity. Because during 
the course of ARDS BAL fluids at times 
contained active NE, but at other times did 
not, it is possible that lavage fluidi of those 
patients not demonstrating NE would have 
contained NE at another time in the course 
of the illhess. 

The finding ofNE in BAL fluids was not 
unique to this disease. While BAL fluid of 7 
normal individuals did not contain NE, 2 of 
27 patients with presumed' noninflamma¬ 
tory lung disease and 17 of 37 patients with i 
bronchiali pneumonia were found to con¬ 
tain NE. Thus the presence of NE in the 
lung fluids is not diagnostic of ARDS. In¬ 
deed, the data suggest that inflammation of 
ARDS patients cannot, at present, be dis¬ 
tinguished biochemically from other pul¬ 
monary inflammatory diseases. 
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IMMUNOELECTROPHORESIS OF SERIAL ARDS 
- BRONCKOALVEOLAR LAVAGt FLUIDS 




Fig. 2, DoubI* diffusion lmmun«?precipilin analy¬ 
sis o( the presence of neuttophil elastase (N£f 
antigen in two casw ot BALI ttom patients with) 
AflDS. CoalescerKe is noted between these pre¬ 
cipitin bands and those developing with purified 
NE. The center well icontain* anti-NE (<»NE). The 
small tine of precipitation near the center well and 
belween wells containing 1 BAL 21 and BAL 16 
fluids probably represents a complex of elastase 
•nd o-, R| inhibitor. (From McGuire, ef a/., J Clin In¬ 
vest 1982; 69 543-53 | 


Fig. 3. Immunoelectrophoresis of 8AL fluids from 
a patienl i with AflOS at three times during i the 
course ofiiilness NE = purified neutrophil etas- 
tase; NHP = nofTnal human plasma; >NE = anti 
NE;A1AT = anH-»vP}. The precipitin arc develop¬ 
ing between anti-NE and NE in the BAL fltliid in Ihe 
early and peak times in ARDS was seen displaced 
to ihe beta region of the plate, opposite a slowly 
migrating porlton ot the »-,-Pl. At'the peak of dis¬ 
ease, a small precipitin band of tree NE was de¬ 
tected (seen between the lop of the well and the 
fetters BAL). 
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Fig. 4. Two-dimensional immunodiffusion analjh 
sis of ineutrophil elastase (NE) and a-^Pl in BAL 
fluid of patients with ARDS (Patient nos. 133, 160, 
161, 275). As noted especially in the precipitin 
band between wefts containing anti-NE and BAL 
fluid from patients 275 and 161, the NE-anil NE 
precipitin band coalesces with the precipitin band 
that developed between the BAL fluids and anti! 

The coalescence indicates complexing of 
•vPl and NE. . 


Similar data have been obtained'by Lee et 
ai (2). These authors observed the presence 
of elastase in 12 of 23 patients with ARDSv 
An inverse correlation between active NE 
and o-l-PL was noted by, these investiga¬ 
tors. 

Analyses were conducted to determine in 
what state the NE existed as an inactive pro¬ 
tein. Immunoelectrophoretic analysis re¬ 
vealed that NE in these BAL fluids mi¬ 
grated in the £ region rather, than in the y 
> region as did the native molecule. The posi¬ 
tion of the NE was identical to that of a 
portion of the cr-I-Pl, which migrated more 
slowly toward the anode in the electrophor¬ 
etic field (figure 3), Two-dimensional im¬ 
munodiffusion analysis revealed that the 
NE and a-LPI w^ere complexed (figure 4). 

Of great interest was the observation that 
the unbound o-l-PI in the BAL fluids was 
also inactive. Assessment of aciivity of the 
o-!-PIin the BAL fluids of ARDS patienfs 
revealed considerable or complete loss of 
activity (figure 5)j , Further: analyses were 
therefore conducted to determine the cause 
of inactivation of the unbound o-l-PL The 
immunoelectrophoretic position of the free, 
inactive o-l-PI suggested that the molecules 
were not greatly changed in isoelectric 
point. To determine if cleavage of the 
cr-l-PI molecules had occurred that might' 
account for inactivation^ a-l-Pl in BAL 
fluids in which the inhibitor was totally in¬ 
activated was adsorbed'to anti-a-1-PI insol- 
ubiUzed to Sepharose 4B and, after, wash¬ 
ing, eluted in SDS and subjected to SDS- 
PAGE. In 5 .of 6 samples so treated, the in¬ 
active o-l-PI was observed to retain its 
native size of 52,000 dallons. In the sixth, 
cleavage of the a-1-PI was apparent wiih a 
47,0001Mr fragment being observed. Thus, 
while proteolytic cleavage may occur, ex¬ 
amples of uncleaved, inactive o-l-PI were 
apparent. 
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FlQ.5. Total quantity, and activity of o-,-Pt' In BAL 
fluid of patients with ARDS.Total activity was ob¬ 
tained by quantitative immunodiffusion (Mancini) 
assay and activity of the »-,-Pf by inactivation of 
porcine pancreatic elastase (see reference 5). 


Oxidation of the a-l-PI 
Another: possible mechanism of inactiva¬ 
tion involved oxidative conversion of meth- 
ionyl residues in the reactive site to meth- 
ionyf-sulfoxide, a reaction shown previously 
to inactivate the inhibitor (3, 4). We invests 
gated this possibility an ploying 2 techniques. 
In the first, the method developed by John¬ 
son and Travis (3, 4), potentially oxidized, 
inactive a-l-PI was exposed to porcine pan¬ 
creatic elastase. If inactivated by oxidation, 
a 47,000 Mr cleavage product results and 
complexing of: the porcine elastase by the 
ajJiPJ doe&^not-occur. Thi*~pfovcd to be 
the case in .BAL fluids of patients lacking 
: a-l-PI activity but having cr-l-PI demon¬ 
strable by immunologic techniques (5). 

In a second, more direct method of dem¬ 


onstrating oxidative inactivation of the 
a-l-PI (6), we exposed the BAL fluids to di- 
thiothreitol in the presence of the enzyme 
methionyl sulfoxide peptide reductase 
(kindly supplied by Drs. Harvey Carp and 
Aaron Janoff). Of 9 BAL fluids treated in 
Ibis manner, 8 showed partial or complete 
restoration of a-l-PI activity. SDS-PAGE 
analysis of the a-l-PI (isolated by adsorp¬ 
tion onto antibody-coated Sepharose 4B 
beads and elbted in SDS) prior to exposure 
to reducing agent was performed in order to 
determine why a-l-PI activity was only par¬ 
tially restored in some of the cases and not 
restored in one. In each of these cases, 
a-l-PI was observed that was either com- 
plexed with NE, having a Mr of 80,000, or 
was cleaved to 47,000 Mr t In those cases in 
which complete or partial restoration was 
observed, 52,000 Mr a-I-PI was present (5 )j 
T hus restoration of activity of the a-l-PI 
resulted from exposure of the BAL fluid to 
reducing agent in the presence of a reduc¬ 
tase as long as free, 52,000 dalton a-l-PI 
was available. 

In order to determine if the a-l-PI had 
been inactivated isysiemically or in the lUng 
of ARDS patients, the specific activity of 
a-l-PI ihithe plasma was assessed] In 14 of 
22 cases, the a-I-PI was greater than 90% 
active (5). Thus inactivation of the a-I-PI in 
the lung in these cases resulted from oxida¬ 
tive reactions occurring in the pulmonary 
tissues. In the remainder* 10 to 50% inacti¬ 
vation loccurred, suggesting that either sys¬ 
temic inactivation of a-l-PI Had occurred 
Or that a-l-PI was inactivated in the lung 
and was returned to the circulation in that 
form. 

The experimental establishment of oxida¬ 
tive inactivation of a-l-PI is ofi critical 
importance, not only because the major 
Control protein of neutrophil elastase is 
compromised, but also because this finding 
indicates the generation of oxidants in vivoi 
Because the presence of extracellular oxi¬ 
dants is known to injure lung tissues (7, 8, 


9), its demonstration in the lungs of ARDS 
patients may reveal the existence of an im¬ 
portant pathogenetic mechanism in thisdis- 
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Chronic obstructive pulmonary disease 
(COPD) is a major cause of morbidity and 
death in the smoking population. The dis¬ 
ease usually develops insidiously over many 
years, and it is not until lung function has 
been significantly impaired that the disease 
can be diagnosed with certa'rnty by radio- 
logic and pulmonary function tests. A 
quantitative test that is capable of identify¬ 
ing the presence of lung damage at an early 
stage, before symptoms develop, could be 
- useful in i identifying those people who are 
at risk and!possibly in monitoring the pro¬ 
gression of the disease. - ^ 

The connective tissue protein elastin is 
largely responsible for maintaining elastic¬ 
ity, of major blood vessels and lung tissue. 
In experimental ianimal imodels of emphyse¬ 
ma, the major emphasis has been on the de¬ 
struction of the mature elastic fiber by se¬ 
lective proteases administered by aerosol or 
intratracheal instillation] In these systems 
there is a strong correlation between i the 
production of emphysema and the cleavage 
of insoluble amorphous lung elastin (1-5). 
In humans it is also likely that destruction 
of the elastic fiber is a prerequisite for the 
development of the disease. 

’ One possible approach to the problem of 
early detection and monitoring disease de¬ 
velopment is the immunologic identifica¬ 
tion of peptides derived from lung elastin i 
degradation that may appear in the serum. 
As a first step in exploring the possibility, 
we obtained antibodies in rabbits against 
peptides prepared by oxalic arid or dog 
neutrophil elastase digestion of purified dog 
lung parenchymal elastin, and used these 
antibodies to identify and quantitate elastin- 
derived peptides in the scrums of dogs in 
which emphysema had been induced by the 
aerosol administration of porcine pancreat¬ 
ic elastase (6). 

In the present work we have prepared an¬ 
tibodies to peptides derived from human' 
lung parenchymal elastin and used these an¬ 
tibodies in an enzyme linked immunosor¬ 
bent: assay (ELISA) to quantitate eiastin- 
derived peptides in the serums of normal 
control nonsmoking individuals, smokers 
without evidence of disease, and individuals 
with GOPD. The data suggest that among 
the three groups, the COPD patients had 
the highest levels whereas the normalinon- 
smokers hadi the lowest. Further investiga¬ 
tions with larger numbers of subjects are 
necessary to determine whether the test will 
be useful in the study of human emphysema. 


SUMMARY Chronic obstructive pulmonary disease (COPD), a major cause of morbidity and 
ddatb In the smoking population, develops Insidiously over many years, and usually significant 
> Impairment of lung function has occurred before the disease Is diagnosed. It is likely that 
destruction of the elAslic fiber is a prerequisite for the development of the disease, and it is possi¬ 
ble that immunologic identification in the serum of peptides derived from lung elastin degrada- 
: tton might be an effective approach to the early detection and monitoring of the disease. We 
■ prepared antibodies to peptides derived from human lung parenchymal elastin and used these 
antibodies In an enzyme-linked immunosorbant assay to quantitate e!astin-derived peptides in 
the serum of 39 normal control nonsmokers, 33 smokers with normal lung function, and 40 pa¬ 
tients with COPD. On average, statistically significant higher levels of el as tin-derived peptides 
were found in the normal smokers and COPO patterns compared to the controls. Further work 
with larger numbers of subjects is necessary to determine whether such a lest is effective In Iden¬ 
tifying those individuals who are at risk of devetoping COPD. 
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Methods 


Purification of Elastin and Antibody Pro¬ 
duction - - 

The amorphous component of human lung 
elastin was prepared by minor modification 
(7) of the procedure of Lansing and co¬ 
workers (8), and amino acid analysis of the 
preparation showed that it was highly puri¬ 
fied elastin. Enzymatic digests of the elastin i 
were prepared by incubation with purified 
human neutrophil elastase (HNE), I en¬ 
zyme per mg amorphous elastin, for 24 H at 
37 p C in 0.05 M Tris, 0.14 M NaCl, 0.02% 
Na-azidc pH 8.0. The reaction was termi¬ 
nated by the addition of 5.0 pJ of 0.1 M di- 
isopropyl fluorophosphate per ml incuba¬ 
tion, the reaction mixture centrifuged and 
the supernatants used directly as antigens. 
The concentration of the HNE-derived elis- 
tin peptides was determined by the Lowry 
method (9), using bovine serum albumin ias 
the protein standard. 

• New Zealand white rabbits weighing 2.5 
to 4 kg were used for antibody production. 
Each rabbit received 0.5 mg of the solubi¬ 
lized elastin in a total volume ofi 0.5 ml of 
phosphate buffered saline (PBS) with an 
equal volume of complete Freunds adju¬ 
vant. The antigen was administered subcu¬ 
taneously with multisite injections. Subse¬ 
quent immunizations consisted of 0.25 mg 
of elastin peptides delivered weekly for ati 
least 2 months. Seven to 10 days after the 
last injection, the animals were blid by veni¬ 
puncture, the serums collected by centrifu¬ 
gation, and stored at 4° C in 0.02% NaN, 
until ready to use. Antibody titers for each 
animal were determined! by a passive he¬ 
magglutination assay previously described 
( 6 ). 


Enzyme-Linked Immunosorbent Assay 
Prior to the assay, the IgG fraction of both 
preimmune and immune serums was pre¬ 
pared by precipitation with 35% (NH 4 ) 2 
S0 4 . The precipitate was collected by cen¬ 
trifugation at 15,000 g for 15 min] suspended! 
in PBS, pH 7.2, and dialyzed exhaustively 
in the cold against the same solution. The 
dialyzed proteins were stored at 4° G at a 
concentration of I mg/ml in PBS, contain¬ 
ing 0.05% NaN). Protein concentration of 
the partially purified antibody was deter¬ 
mined by measuring the absorbance at 280 
nm using an extinction coefficient] E}*;, of 
14. All subsequent dilutions were made 
. from the above stock solutions. 

The assay was conducted essentially as 
described by Engvall and Pearlmann (10) 
with slight modifications (11); Polystyrene 
tubes (11 x 55 mm) were coated with HNE- 
h urn an lung elastin 1 peptides by incubat ion ■. 
with 2.0 ^g/ml peptides at 37° C for 24 h in> 
0.1 carbonate pH 9.6 containing 0:02% 
NaN,. rinsed with PBS, and stored at 4° C 


1 From the Pulmonary Disease Section, Albert 
Einstein Medical Center, Philadelphia, Pa., the 
Center for Oral Healih Research, Department of 
Anatomy and Histology, School of Dental Medi¬ 
cine, University, of Pennsylvania, Philadelphia, 
Pa., and the Department of Medicine, The Grad¬ 
uate Hospital, Philadelphia, Pa. 
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20994, and Grant 901 from the Council ifor To¬ 
bacco Research. 

J Requests for reprints should be addressed to 
Dr. Jbel Rosenbloom, Center for Oral Health 
Research, School of'Dental Medicine, University 
of Pennsylvania, 4001 Spruce St., Philadelphia, 
Pa., 19104. 
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Flfl.il. (A) Binding of elastin peptides. Polysty¬ 
rene tubes were coated for 24 h at 37* C with irv 
- creasing concentrations of e*asUn peptides de¬ 
rived by digestion of human el As tin with human 
neutrophil elastase, and the coated tubes incu¬ 
bated with 20 nfl/mrspecific antibody for 3 h at 
room temperature. The tubes were washed and 
ALK*RHOSPH IgG a t a 1300 dilution was added, 
thie tubes washed, and alkaline phosphatase activ¬ 
ity was determined by addition of p-nitrophenyl I 
phosphate. (B) Tubes were coated with 2 pg/ml I 
peptide for various times at 37* C and ihe binding 
of antigen determined as in (A). 


until used: Twenty micrograms of preim- 
mune IgG and either specific antibody alone 
or specific antibody plus soluble antigens 
were preincubated at 4° C overnight in glass 
tubes and each solution was transferred quan¬ 
titatively to precoated polystyrene tubes. 
The amount of specific antibody bound was 
quantitated by the addition of goat antirab^ 
bit IgG, to which alkaline phosphatase was 
covalently linked! (ALK . PHOSPH-IgG)i 
followed: by reaction with its substrate, q- 
iiitrophenyiiphosphate. After 30 to 60 min 
incubation, the color reaction was termi¬ 
nated by the addition of 0.1 ml of 1.0 N 
NaOH and the extent of reaction measured 
spectrophotometrically at 400 run. The color 
reaction is.dependent on the amount of the 
bound! ALK ■ PHOSPH-IgG which is; in 
turn, a measure of specific antibody up* 
take. A standard curve was generated using 
known amounts of elastin peptides: the 
higher the concentration of competing anti- 



ANTiBOOy protein 

Fig. 2. Titration of elastln-specific anlibody. 
r Tubes coated with 2 Mg/mli peptides were incu¬ 
bated for 3 hi with various concentrations of elAstio- 
specific antibody, the tubes washed, and alkaline 
phosphatase activity measured as in figure 1j 
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gen, the greater the inhibition of color de¬ 
velopment. Subject serums were incubated 
with a fixed amount of specific antibody 
and the concentration! of peptides deter¬ 
mined from the inhibition of the reaction: 
compared with that obtained withithe stan¬ 
dard curve. Two different amounts (25 and 
150/rl) of each serum, run in triplicate, were 
tested. ; v ; 


Patient Population Selection 1 ‘ . 

A total of 109 persons were studied. They 
were distributed into three groups: Group It 
normal nonsmokers (n = 36). Group lit 
normal smokers (nF33), and Group HI: 
COPD patients (n = 40)j who were either 
ex-smokers or continued to smoke. Spirom¬ 
etry and lung volumes were determined in 
each by using the M-800 Autobox System 
produced by SRL Inc; The results were in¬ 
terpreted using the Intermountain Thoracic 
Society criteria (12). In addition^ each pa¬ 
tient filled out a detailed smoking history 
questionnaire, and a complete history and 
physical was performed on each. 



ELASTIC PEPTlOE CONCENTRATION (ng/mlI 


Fig. 3. Standard curve of the enzyme-linked Immu¬ 
nosorbent assay: The competition assay was car¬ 
ried out as detailed in Methods in order to gener¬ 
ate the standard curve. Triplicate determinations 
were carried out at each concentration and the 
bars indicate the standard deviation., 
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Results 


Development of Assay 
To study the characteristics of the binding; 
of the elastin peptides, polystyrene tubes 
were incubated with various concentrations 
of the peptides, and the extent'of binding 
was measured using saturating amounts of 
specific antibody and goat antirabbii lgG. 
Binding was linear up to about 2 pg/m\ 'with 
comparatively little additional binding at 
higher concentrations (figure 1A)J This re¬ 
sult suggests that maximal tight binding was 
reached at approximately 2 jig/mL Binding 
was essentiallycomplete by 24 h (figure IB). 
Therefore, for all subsequent experiments, 
tubes were coated by incubation with 2 yg/ 
ml peptides for 24 h at 37° C. 

To determine the approximate concentra¬ 
tion of specific antibody to be used in the 
competitive ELISA, a range of antibody 
concentrations was tested. A linear response 
was obtained up to about 60 fig/ml (figure 
2). Therefore a limiting concentration of 20 
Kg/mi was selected for further use. A typi¬ 
cal standard curve, illustrated ini figure 3, 
demonstrates that the assay is usefulIdown 
to about 5 ng of peptide. 


Analysis of Serum Samples 

A summary of the characteristics of the 
three groups of subjects studied, from 
whom serum sample were collected j is given 
in table 1. As expected! the COPD patients 
were older, smoked longer and in greater 
quantity than the other 2 groups. The mean 
FEV./FVCTo of 50 in Group III is consis¬ 
tent with moderate obstructive lung disease, 
whereas the FEV 1 /FVCT 0 is normal in the 
other two groups (> 75Tb is normal). The 
content of reactive peptides in the serum 
samples was quantitated using the ELISA. 

The samples were assayed in a blind fash¬ 
ion and each was tested at a minimum ofi2 
dilutions, with each dilution tested in dupli¬ 
cate. Samples with less than .5'ng/ml were 
scored as zero, and only those samples that 
were self consistent were retained in the 
study. . - 

The concentration of reactive peptides 
measured in the three groups is illustrated in 
figure 4. By inspection, one may note that 
in general the samples from the nonsmok¬ 
ing control group yielded lower values and 
there was a smaller variation in the valbes 
of this group compared with the control 
smokers with no apparent disease and the 
individuals with COPD. In rhe nonsmoking 
control group, a substantial fraction of the 
samples contained no delectable peptides 
with an average value of 11L9 ng/ml and the 
maximal valiie was 42 ng/ml. In the normal 
smokers the average value was 53.5 ng/ml l 
with a maximal value of 190 'ng/ml* and in 


TABLE 1 

SUBJECT POPULATION STUDIEO 



N 

Age 

Sex 

Pack/Years 

Mean 

FEV,/FVC% 

Group 1 

Nonsmoker 

36 

34 ± 15 

22 M 

14 F 

0 

80 ± 5 

Group II 

Normal smoker 

33 

35 ± 14 

13 M 

20 F 

20 ± 19 

78 Z 4 

Group III 

COPD 

40 

57 ± 17 

28 M 

12 F 

49 ± 31 

50'±16 
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fig.4. Elastin peptides in human serums. 
Samples were assayed by the EUSA described In 

the text - ; . .-•; , ... • ■'.:■■■■> 


the COPD samples the average was 81.1' 
ng/ml with a maximum of 360 ng/ml. 

Because of the disparity in the variance 
of the three groups, parametric statistics 
could not be employed; therefore, nonpara- 
meiric statistical analyses were used. The 
data were firsti analyzed by the Kruskal- 
Wallis test (13). In this test all the measured 
values are ordered by rank and the ranks 
within the groups analyzed to determine 
whether the groups differ statistically from 
each other. The H value for the data illus¬ 
trated in figure 4 was 46.3, a value indicate 
tug that all the groups are not identical at 
the p< 0.001 level. This test, which is a pre¬ 
requisite for futher analysis, is notiinforma* 
tive with respect to which groups differ 
from each others It simply gives the proba¬ 
bility of all groups being identical. To deter¬ 
mine which groups differ from each other, 
they were analyzed by the Scheffe (^mul¬ 
tiple contrast test comparing pairs of groups. 
The results of this analysis are given in table 
2. They show that both the smoking group 
- and the COPD group have a significantly 
higher (p < 0.001) concentration of elastin- 
derived peptides than the control group. 
There also was a difference between the non- 
symptomatic smokers and the COPD pa* 
tients but'this was significant only at the p < 
0.1 level. 


Group 

, Sample 
Number 

X 

ng/mf 

R; 

Rl - Ri 

1 Control 

36 

It.9 

27.0 


2. Smokers 

33 

53 5 

60.9 

33.91 

a. copd 

40 

81.1 

75.4 

48.4t 


* Etastirvctenved peptides In the sera were quantitated 
by the enzyme-linkW immunosorbent assay described In 
the ten 

t Significant at the p a .001 level. X Is theaverage value 
for the elastin, peptides In each of the group*, fl is the aver¬ 
age rank in each group, flj-fi, is the difference in average 
rank between either Group 2 or 3 and Group t. the control 
flroufc , . 
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u' Discussion 
The present studies represent'the first at¬ 
tempt to utilize immunologic analysis of 
elastin-derived peptides as a means of dis¬ 
tinguishing individuals with normal lungs 
from those who either presently have em¬ 
physema or are at risk of develdping it. 
Whereas significant differences between 
smokers, COPD patients, and ^control (sub¬ 
jects Have been observed, for this test to be 
useful in individual oases it must be able to 
determine whether a given value is abnor¬ 
mal relative to control values in the popula* 
tion or whether it represents a significant 
change from previous measurements of a 
given individual. To answer these ques^ 
tions, and to correlate findings with physio¬ 
logic measurements, chronologic studies on 
a larger number of individuals must be car¬ 
ried out in conjunction'with concomitant 
pulmonary function tests. 

Other investigators have used assays for 
elastin breakdown products to detect lung 
destruction i in patients with COPD. Gold¬ 
stein and colleagues (15) used a chemical as¬ 
say for urinary desmosine, Hare! and asso¬ 
ciates (16) used a radioimmunoassay for 
dtsmosine, and Damule and coworkers (17) 
used a radioimmunoassay for elastin pep¬ 
tides. Although there is some disagreement 
regarding differences between normal 
smokers and normal nonsmokers, all inves¬ 
tigators have found increased levels of elas¬ 
tin breakdown products in patients with 
COPD. It seems likely,that these assays may 
be clinically useful tests of limg destruction 
after their rold is fully documented ^par¬ 
ticular clinical situations. 
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r Introduction 
The theme of this symposium is “Proteases 
and Antiproteases in the Lung,” especially 
the potential importance of these substances 
. in mediating various forms of'lung injury. 
The subject has been reviewed elsewhere, 
particularly in connection with the patho* 
genesis of pulmonary emphysema (1-6). It 
i\ is well known that oxidizing agents also can 
produce tissue damage; indeed both pro¬ 
teases and activated species of oxygen have 
been' implicated as mediators of immuno¬ 
logic lung injury (7). This report attempts 
to link these two pathways of pulmonary 
connective tissue destruction because, in 
addition to their capacity to injure cells and ! 
intercellular matrix directly, oxidants can 
also perturb the homeostatic balance be¬ 
tween proteases and their regulatory inhibi¬ 
tors (8, 9). Particular emphasis will be placed 
on the inactivation of alpha 1-proteinase in- 
. hibitor'(the: major regulator of neutrophil 
elastase in the lower respiratory’ tract of 
man (10)) by oxidants in cigarette smoke 
and in secretions of phagocytic cells. Sever¬ 
al'other actions of cigarette smoke, which 
may also contribute to connective tissue ab¬ 
normalities inithe. lung,, will.be discussed. 
Possible biochemical links between pulmo¬ 
nary emphysema and cigarette smoking will 
be summarized and several questions raised 
for future study. 
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Meehan ism of Elastase Inhibition By 

- Alpha 1-Proteinase Inhibitor and the , 

Effect of Oxidizing Agents 
' Alpha !-proteinase inhibitor (alpha 1-anti¬ 
trypsin, alPi) appears to act as a pseudo- 
substrate for its target proteases, and the 
site at w hich recognition and/or proteolysis 
occurs represents the active-site of the in¬ 
hibitor (II). Structural'studies have shown 
that the active site of a-l Pi contains a me¬ 
thionine-serine peptide bond (12-14);, al¬ 
though the possible presence of multiple ac- 
'live sites has not been ruled out (I4, 15). 
Apparently this methionine-serine bond is 

- recognized early in a series of reactions that 
ultimately leads to formation of extremely 
stable complexes between one mole of pro¬ 
tease and one mole of inhibitor. The high 
stability of this complex may be based on 
covalent bonding between the protease’s ac¬ 
tive center and the active site of the inhibi¬ 
tor; although the precise mechanism is not 
known j In any event, the inhibition of elas¬ 
tase by alPi depends on the integrity of a 
methionine-serine sequence in the active site 
of the inhibitor, and perhaps that of an ad¬ 
ditional methionine residue near the active 


SUMMARY Elastase/elastase Inhibitor imbalance In the lung has been implicated In the patho¬ 
genesis of pulmonary emphysema. In light of this, it may be significant that the activity of two 
major elastase inhibitors, alpha 1-proteinase Inhibitor (alpha 1 -antitrypsin, olPi) and bronchial 
mucous proteinase inhibitor, can be decreased by oxidizing agents. The effect can be observed 
with ozone, substances present lb cigarette smoke, and oxygen metabolites generated by lung 
macrophages as wellias peroxldative syslems released by other phagocytic cells. Thus <r1 PI 1 
recovered from lung washings of cigarette smokers has only halt the predicted normal activity 
per mg inhibitor and contains 4 moles of methionine sulfoxidb (oxidized methionine) per mole of 
Inactive inhibitor. By contrast, «1Pi ipurified from nonsmokers' lung washings is fully active and 
contains only native melhionine. At the same time, lung washes from some smokers show signifi¬ 
cantly greater hydrolytic activity against a specific synthetic elcstbse substrate than do lung 
washes of nonsmokers. These findings suggest that some smokers may develop an acquired im¬ 
balance between elastase and elastase inhibitor In Iheir lungs, favoring activity of the enzyme. In 
addition to the potential ietfect of cigarette smoking on lung etastase/elastase Inhibitor balance, 
smoking also may Interfere with elastic repair mechanisms. Specifically, acidic water-soluble 
gas phase components of cigarette smoke prevent synthesis of desmosine cross-links during 
•laslinogenesis in vitro. This report will attempt to correlate the foregoing information on bio¬ 
chemical Ichanges in (he lung induced by cigaretie smoking wrth the development of emphysema 
Inthesmoker. AM REV RESPIR DJS 1983; 127:S31-S3» 


site as well (12, 13, 16). In addition to meth¬ 
ionine, the configuration of lysine (17) and 
tyrosine (18) residues in olPi may also af¬ 
fect its anti pro! ease activity. 

Oxidation of a 1 Pi ibychloramine-T or N- 
chlorosuocinimkte, under conditions that 
favor the selective oxidation of methionine 
thioether groups, results in a loss ofiinhibi- 
tory activity (13, 16, 19-22), Structural 
studies have since confirmed that inactiva¬ 
tion of o 1 Pi by chloramine-Tor N-chloro- 
succinimide is associated with the oxidation 
i of two methionine residues in the inhibitor, 
one of which is present! in the methionyl* 
seryl active site (13, 22)1 Oxidation of the 
active site methionine residue results in re¬ 
duced interaction of the inhibitor with neu¬ 
trophil and pancreatic elastase as well as 
trypsin (13, 20-22). Chymotrypsin-inhibito- 
ry capacity, of olPiiis relatively unaffected 
by oxidation, w’hereas elastase-inhibitory 
activity is most severely; affected (13.20-22). 

Oxidation of the inhibitor reduces the rate 
of its association with neutrophil elastase by 
a factor of 2,000 compared with'that of 
the native inhibitor (21). Any elastase-oIPi 
complexes that may be formed appear to be 
less stable than i normal (21). Similar find¬ 
ings have been obtained with synthetic elas¬ 
tase substrates containing methionine adja¬ 
cent to the scissite bond. Oxidation of the 
methionine side-chain in these synthetic 
peptides also reduces the rate of their inter- 
aclioniwiih PMN elastase(19,23). Suppres¬ 
sion of the inhibitory capacity of alPi by 
oxidation also renders this protein suscepti¬ 
ble to proteolytic digestion. After incu¬ 


bation of oxidized alPi with elastase, the 
inhibitor is partially degraded (21), In ad¬ 
dition to methionine oxidation, a recent 
study has shown that specific oxidation of 
tyrosine residues in alPi can also inactivate 
its inhibitor}- function (18). 

Besides cl Pi, a potent local'inhibitor of 
neutrophil elastase and cathepsin G is found 
in bronchial secretions (24)J The bronchial 
mucous inhibitor (BMPi) has been purified 
and shown to be a cationic protein with a 
molecular weight of 10 to 13,000 dallons 
(25, 26). Gadek and colleagues (10) reported 
undetectable levels of BMPi in bronchoal- 
veolar lavage fluids of humans, and they 
and others (27) have suggested that the pri¬ 
mary function of BMPi is to protect the up¬ 
per airways (bronchi,, trachea, and naso¬ 
pharynx) against proteolyricaUy-mediatcd in¬ 
jury. The active site structure of BMFi is 
not presently known; however, oxidizable 
residues also appear to be present close to 
the reactive center of this inhibitor (Fritz H, 
personal communicaiion). A closely related, 


1 From the Department of Pathology, Slate 
University of New York at Stony Brook (A.J.. 
H.C...P.L.), and the Department of Medicine, 
Nassau County Medical Cemer (L.R.). 

2 Partly supported by grants from the United 
States Public Health Service (HL-14262) and the 
Council for Tobacco Research - U.S.A., Inc. 
(I J43)j 
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Dr. Aaron Jarnoff,, Department of Pathology, 
Health Science Center, SUNY at Stony Brook, 
Stony Brook, New York 11794. 
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low molecular weight, acid-stabfe inhibitor 
in dog submandibularis glands contains a 
methionyl-aspartyl bond in its elastase and 
chymotrypsin-directed reactive center (28). 
As might be expected, BMPi can also be in¬ 
activated by chemical oxidants in vitro (29). 

To assess the potential importance of 
these findings for the pathogenesis of pub 
monary emphysema in humans, one need 
only note that when the activity of circulat¬ 
ing a 1 Pi is depleted by treatment of experi¬ 
mental animals with a chemical oxidant, 
connective tissue changes suggestive of early 
stages of panarinar emphysema develop 
(30). The human respiratory tract is con¬ 
stantly exposed to various sources of oxidiz¬ 
ing activity, in addition to oxygen itself, se¬ 
lected human populations are exposed to 
oxidizing environmental pollutants such as 
ozone, oxides of nitrogen and sulfur, and a 
host of oxidizing free-radicals present in 
cigarette smoke (see following). Moreover, 
phagocytic cells present in the lung (alveolar 
macrophages, neutrophils) generate copi¬ 
ous amounts of hydrogen peroxide and 
other activated oxygen metabolites (see fol¬ 
lowing), and this effect is increased by 
smoking. In the following section, some of 
these oxidants and their -.in vitro and in vivo 
effects on lung elastase-inhibitors will be 
discussed in further detail. 


In Vitro Inactivation of Antiproteases 
by Cigarette Smoke Solutions 
Freshly prepared aqueous solutions of un- 
fractionated cigarette smoke, partly Claris 


Tied by low-speed centrifugation, can sup¬ 
press the elastase-inhibitory capacity of 
human serum (19), Immunoelectrophoresis 
of mixtures of aqueous smoke solution, hu¬ 
man serum, and 'elastase show decreased 
elastase-alPi complexes and increased free, 
active protease. At least in our hands, 
smoke-treated olFi and control alPi are in¬ 
distinguishable with respect to total quanti¬ 
ty* electrophoretic mobility, and antigenic 
behavior of the inhibitors. An important 
finding is that free radical scavengers such 
as thymol or hydroquinone prevent the sup¬ 
pression of serum elastase-inhibition by cig¬ 
arette smoke (19). In the presence of such 
agents, elastase-alPi complexes again can 
be detected following immunoelectropho- 
retic analysis of enzyme-smoke-serum reac¬ 
tion mixtures, and free enzyme is not seen. 
Also, treatment of serum withimodel oxi¬ 
dants under conditions that favor selective 
oxidation of methionine groups leads to a 
similar suppression of serum elastase inhibi¬ 
tion (16,19,20). These observations suggest 


JANOFF, CARP, LAURENT. AND RAJU } 

Upon phagocytosis or exposure to certain , ^ j 
membrane-active agents, phagocytes under- ] 

go a “respiratory burst” characterized by in- . 1 

creased oxygen consumption, increased pro- \ 

duction of hydrogen peroxide, and increased \ 

utilization of glucose via the hexose mono- • ! 
phosphate shunt. The increase in oxygen » 

consumption may be related to activation j 

of a cyanide-insensitive, membrane-bounds 1 

NAD(P)H-dependent oxidoreductase that j 

catalyzes the single electron reduction of i 

molecular oxygen to the superoxide radical, 1 

as in equation (i): .. ... ,t 


20z + NAD(P)H-20j + NAD(P)* + H*. 


The NAD(P) generated in this reaction stim¬ 
ulates the hexose monophosphate shunt be¬ 
cause NAD(P) is a substrate in the first step 
of this metabolic pathway. In this first step, 
gIucose-6-phosphate is converted to6-phos- 
phogluconate by gIucose-6-phosphate dehy¬ 
drogenase. At the same time, NAD(P) is 
convened to NAEKP)H, thus replenishing 
the substrate required for the membrane 


that oxidation reactions, perhaps mediated oxidase in equation (i), NAD(P)H gener- 


Oxidants Produced by Combustion 
1 of Cigarettes 

Cigarette smoke displays a wide range of 
ftce-radical mediated activities including 
peroxidation and'alkylation reactions both 
in vitro and in vivo (31). Aqueous solutions 
of cigarette smoke can oxidize cysteine sulf- 
hydryl groups, a reaction that is blocked by 
the free-radical scavenger thymol (32); Cig¬ 
arette smoke contains approximately 2 x 
10 ,J free radicals per puff (33 )j Half of 
these appear to be polymeric phenoxy radi¬ 
cals related to melanin-like tobacco leaf pig¬ 
ments and are present in the particle frac¬ 
tion of cigarette smoke. They have a half-life 
of lOhoinvon cigarette filters or in organic 
solvents after extraction of filters. An equal 
number of free radicals are found in the gas 
phase of,cigarette smoke. These are mainly 
oxygen-centered radicals with half-iives of 
10 min in the gas phase and I min in aque¬ 
ous solution; In addition to the radicals 
produced during burning of cigarettes, cig¬ 
arette smoke also may contain up to 800 
ppm of nitrogen oxides (NO x ), especially 
NO. Besides their own free-radical proper¬ 
ties, NO* can react with olefins in the gas 
phase of cigarette smoke (34) or with perox¬ 
ides (including, perhaps, the H 2 0 2 pro¬ 
duced by lung macrophages) to generate 
potent oxy-radicali such as hydroxyl radical 
(34,35). 


by smoke radicals of the type discussed in 
the preceding section i may be responsible 
for the observed i results. 

Similar findings have recently been ob¬ 
tained using ozone, in place of cigarette 
smoke, as a source of oxidizing activity 
(36). Ozone decreased ' the inhibition of 
trypsin, chymotrypsin, and elastase by hu¬ 
man olPi, both in plasma and in solutions 
of the pure inhibitor. Total loss of pancre¬ 
atic elastase inhibitory activity required 18 
moles of ozone per mole of pure a\ Pi. (A 
corresponding loss of the ability to inhibit 
human leukocyte elastase also was observed). 
O 20 ne-inactivated a I Pi was reported to 
contain four residues of methionine sulfox¬ 
ide as well as oxidized tyrosine and trypto¬ 
phan residues (36). 

Inactivation of the bronchial mucous in¬ 
hibitor (BMPi) in vitro by aqueous cigarette 
smoke solutions (29) or tar fractions (37) 
also has been demonstrated. Thin-layer gel- 
immunofiltration analysis of mixtures of 
aqueous smoke-treated BMPi and human 
leukocyte elastase revealed decreased das- 
tase-BMPii complexes, increased uncom¬ 
pleted BMPi, and increased free elastase 
(29). Phenolic antioxidants also prevented 
the suppression of the elkstase-inhibiting- 
capacity of BMPi by aqueous cigarette 
smoke (29), In addition; treatment of BMPi 
with chemical oxidants caused a similar 
suppression of elastase-inhibition (29 )j , 


ated by the shunt is also utilized by glutathi¬ 
one reductase. (The latter enzyme, together 
with glutathione peroxidase, functions to 
detoxify any excess hydrogen peroxide pro¬ 
duced by PMN in the course of the “respira¬ 
tory burst”.) 

The snperoxide radical formed in equa¬ 
tion (!) can react directly, or this radical can 
generate more powerful activated oxygen 
species (*) or oxygen free radicals (•*) by 
the reactions shown in equations (ii) and 
(hi). r .. 

Equation (ii), dismutation reaction: 


O! + Oj + 2H'-~ H*Oj* + Oz 
........ (or singlet Oj?>* 


Equation (iii); Haber-Weiss type reac¬ 
tion, trace metal (lactofenin (40)?) catalyzed: 


Oi + H 2 0 2 - OH** + OH' + 02 
(or singlet 0 2 ?) # 


Oxidants Produced by Phagocyte 
Metabolism 

The oxidizing systems of phagocytes, which 1 
participate in microbial-killing by these cells, 
have recently been reviewed in some detail 
<38, 39), According to present knowledge, 
the main features of oxygen metabolism in 
polymorphonuclear neutrophil. leukocytes 
(PMN) and, with some modification, in 
monocytes and macrophages are as follows. 


Theoretically, these activated oxygen spe¬ 
cies and oxygen-free radicals could inacti¬ 
vate a l Pi within the phagocytic vacuole or 
in the immediate environment of the phago¬ 
cytic cell. 

In addition to the reaction shown in 
equation (iii), hydrogen peroxide can par¬ 
ticipate in other oxidative processes by serv¬ 
ing as a cofactor for myeloperoxidase of 
PMN and monocytes. A second cofactor^ 
usually a halide such as chloride or iodide 
anion, also is required. (Thyroid hormones 
can serve as a source of iodide for PMN.) 
In these myeloperoxidase-catalyzed reac¬ 
tions, hypohalOus acids (e g., HQC1) or 
free halogens (e.g., iodine) can be formed 
and these, in turn, are powerful oxidizing 
agents. 

Activation of the membrane-oxidase that 
initiates the foregoing series of reactions 
(see equation i) appears to require a limited- 
proteolysis step mediated by a serine- 
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enzyme with ehymotrypsin-like activity 
i (41). However, PMN and monocytes of im 
dividuals with chronic granulomatous 
disease appear incapable of activating the 
membrane-oxidase during phagocytosis or 
exposure to membrane-active agents. In 
these subjects, a normal “respiratory burst” 

~ does not accompany the stimulatory event. 
This condition is one of several in which 
phagocyte oxidative reactions are impaired, 
with serious consequences for host an- 

• timicrobial idefense. . - vV-■ : i *v • ” •• . 
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Enhanced Oxidant Production by Lung 
Macrophages of Cigarette Smokers 
Chronic cigarette smoking not only in¬ 
creases the numbers of PMN (42) and 
macrophages (43) in the lung, but also ac¬ 
tivates these cells metabolicaliy (43). 
Among the metabolic pathways that are 
stimulated in smokers’ macrophages are 
those leading to production of superoxide 
radical and H 2 G 2 (44). It therefore seems 
reasonable to propose that stimulated 
phagocytes in the lungs of cigarette smokers 
might be capable of generating oxidants 
(hat, in turn, could inactivate proteinase in¬ 
hibitors in the environment of these cells. 
Evidence showing that stimulated phago¬ 
cytes can indeed inactivate alPi and BMPi 
in vitro has been obtained in several: 
laboratories; some of this evidence will now 
be summarized. 


In Vitro Inactivation of Antiproteases by 
. Products of Oxygen Metabolism 
- in Phagocytes 

We previously showed that human PMN, 
phagocytosing opsonized antigen+antibody 
complexes absorbed to the outer surface of 
dialysis membranes, produce diffusabli 
species of activated oxygen capable of inac¬ 
tivating the elastase-inKibitory capacity 
(EIC) of wholi serum or pure alPi on the 
other side of the membrane (45). In this 
system, serum EIC was partially protected 
by superoxide dismutase, catalase, or man¬ 
nitol, suggesting that hydroxyl radical; 
formed by interaction of superoxide radical 
and hydrogen peroxide, might have been 
responsible for the observed inactivation. 
Sodium azide also partly protected EIC, 
implicating myeloperoxidase-mediated re¬ 
actions as well. A cell-free superoxide gen¬ 
erating system i (xanthine + xanthine oxi¬ 
dase) also was shown to inactivate a I Pi in 
this system. 

In related ; studies, Matheson and 'col¬ 
leagues (46, 47) demonstrated that purified 
myeloperoxidase (MPO) in the presence of 
hydrogen peroxide and a halide ion could 
catalytically inactivate olPi in vitro, where¬ 
as two protease inhibitors more resistant 
to oxidants (tr2 macroglobulin and ol- 
antichymotrypsin) were not affected by 
such treatment. These same investigators 
also directly showed that the active site 
methionine residue in a, Pi, as well as an ad-1 
jacent methionine residue, had been oxi¬ 


dized to the sulfoxide form by the MPO 
system (47). 

More recently, we Have extended our 
studies of phagocyte-mediated oxidative in¬ 
activation of alPi' to include human 
mononuclear phagocytes (blOod monocytes 
and alVeolkr macrophages), as well as PMN 
(4$). These cells were activated by a selec¬ 
tive membrane perturbing agent, phorbol 
myristate acetate (PMA), rather than by 
phagocytosis. Uhder these conditions, “re¬ 
spiratory burst" products were formed 
without bulk release of azurophil granult 
constituents. Such stimulated cells gener¬ 
ated superoxide radical and suppressed elas- 
tase-inhibition by human serum. Scaven¬ 
gers of superoxide radical and H 2 0 2 partly 
prevented this effect. Immunoelectropho- 
retic analysis of elastase reacted with serum 
that had been exposed to stimulated PMN 
showed decreased olPi-elastase complexes 
and free elastase. Treatment of phagocyte- 
inactivated serum with dithiothreitol (a re¬ 
ducing agent) resulted in significant recov¬ 
ery of inhibitory activity against elastase 
suggesting that, originally' a] Pi had been 
oxidatively inactivated. Moreover, PMN 
and monocytes from a patient with chronic 
granulomatous disease (which do not un¬ 
dergo a “respiratory bursty, as expected, 
failed to produce detectable levels of super¬ 
oxide anion after stimulation with PMA, 
and these cells also failed ito suppress serum 
elastase-inhibition. 

Although PMA stimulates phagocyte 
respiration (including Oi and H 2 0 2 produc¬ 
tion), this agent induces only minimal 
azurophil degranulation. However, because 
myeloperoxidase (MPO) is capable of 
catalytically inactivating alPi (pne mole of 
purified MPO was shown to inactivate 250 
moles of o I Pi per min, in a cell-free system 
(46)), the small i quantities of this enzyme 
released 1 following PMA stimulation could 
combine with Hi0 2 generated by the 
“respiratory burst” and extracellular halide 
and could participate in, a\ Pi-oxidation in 
our experiments., In support of this, we 
were able to demonstrate that azide and 
cyanide (both inhibitors of heme enzymes 
such as MPO): partly protected elastase- 
inhibiting capacity of serum against inac¬ 
tivation by the phagocytes. Furthermore, 
depletion of Cl' from the medium also part¬ 
ly protected serum elastase inhibitory 
capacity from inactivationi by stimulated 
PMN, suggesting that inactivation of alPi is 
partly dependent on a Halide cofactor. 
Catalase,, which decreases available H 2 Oi, 
alinost completely protected serum EIC 
from inactivation by PMA-stimulated cells. 

In addition to the foregoing studies, 
Gark and coworkers (49) also reported that 
the MRO j system,plays an importantirole in 
mediating oxiditive inactivation of a 1 Pi by 
PMA-stimulated PMN, but they found a 
less significant inhibition by Oi and its 
derivative-activated oxygen species. Al¬ 
though mature human macrophages are be- 
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lieved not to contain myeloperoxidase, 
macrophages may contain other forms of 
peroxidase. Indeed, recent evidence sug¬ 
gests that a macrophage peroxidatic enzyme 
also may be able to inactivate a \Pi in a cell- 
free system (47). 

The prediction that alPi may be inac¬ 
tivated by phagocyte-derived oxidizing 
systems in vivo has been borne out by the 
work of Wong and Travis (50), who 
demonstrated inactive alPi in synovial fluid 
obtained from inflamed joints and showed 
that the inactive inhibitor was in the oxi¬ 
dized state. A total of four methionine 
residues per molecule, including the active 
site methionine, were present as methionine 
sulfoxide. Other amino acids were un¬ 
modified, although a 17 amino acid peptide 
fragment was missing from the amino ter¬ 
minus of the inhibitor.* 

The low molecular weight mucous in¬ 
hibitor, human BMPi (that helps protect 
the mucus-lined airways against PMN 
elastase and cathepsin G), also has been 
shown to lose activity after in vitro ex¬ 
posure to myeloperoxidase, hydrogen 
peroxide, and chloride ion (29). Tsan and 
Chen (51) recently even demonstrated ox¬ 
idation of free methionine by PMN and 
ascribed the effect to myeloperoxidase- 
mediated reactions and to singlet oxygen. 


Macrophage H 2 O 2 Also Could Act 
Synergisucally with Oxidants in 
Cigarette Smoke to Inactivate Lung a I Pi 
Pry or and coworkers (35) have shown that 
NO (and its derivative N0 2 ) can react with 
M 2 Oi to produce hydroxyl radical (a potent 
oxidizing agent) and other oxy-radicals, and 
have suggested that such reactions could 
take place in the lungs of smokers (34). Pre¬ 
sumably, metabolicaliy stimulated lung 
macrophages could serve as a source of 
H 2 0 2 (see preceding section on enhance¬ 
ment of macrophage H 2 0 2 production in 
cigarette smokers), whereas NO* have been 
identified as cigarette combustion products. 
Oxy-radicals produced by interactions of 
H 2 0 2 and No* could contribute to the oxi¬ 
dative inactivation of lung alPi in the ciga¬ 
rette smoker (34). Evidence indirectly sup¬ 
porting this suggestion has been obtained 
by Cohen (personal communication),! who 
finds that aqueous smoke solutions from 


• Since this article was submitted, Campbell 
and coworkers studied neutrophils in contact 
with, ,J, I-labeled fibronectin and reported that 
oxidants released from the stimulated cells did 
not protect secreted elastase against inhibition by, 
cl Pi. (Campbell EJ, Senior RM, McDonald JA, 
Cox DL. Proteolysis by neutrophils. Relative im¬ 
portance of cell-substrate contact and oxidative 
inactivation of proteinase inhibitors in vitro. Ji 
Clin Invest 1982; 70.845-52.) 

t Also, Cohen AB; James HL. Reduction of 
the elastase inhibitory capacity of alpha 1-anti¬ 
trypsin by peroxides in cigarette smoke. An 
analysis of brands and filters. Am Rev Res pi r Dis 
1982; 126:25-30. 


https://www^jj^strydocuments.ucsf.edu/docs/rkkkqjJOO 


1002968421 









•«- •*- *'■ ^ >■'- V ; ‘ 
---:.. v 


f.l3bv. 





..; r^\ .VV^-yf 7& ^ '*.* ^ •'■'/ ” A^ \ 


-Vs . 




*V£ ' '.- 


**s: 

♦?V£. v '* 
t-'^F**'-' 5 

v v' * 




’Vrv-A 


':•>»? •■'■ 


*’v 

•V v* •; 


i- 


. i 

i! 




S34 


’ •' r >A$ ; ^A *■ ■/ 
i :n f.'isr.rri vi ’ ?v;. e* 


► - G*:V ^i.rJi’nrsrii- 


different brands of cigarettes inactivate 
olPi in direct proportion to their ability to 
oxidize o-dianisidinc, and that addition of 
H 2 O 2 to the smoke solutions greatly aug¬ 
ments doth o-dianisidine oxidation and 
alPi inactivationi Cohen also suggests that' 
H 1 O 2 produced' by macrophages in the 
small! airways of cigarette smokers could 1 
enhance the oxidative damage to lung al Pi 
caused by constituents of inhaled cigarette 
smoke. - -«.■■.-■ 

Thus multiple reaction pathways can be 
envisioned by which a l Pi could be oxidized 
and inactivated in the lungs of smokers. Di¬ 
rect action ofioxidants in smoke is one pos¬ 
sibility. Another is that the involved oxi¬ 
dants are produced by lung cells stimulated: 
by smoke exposure. Still a third could in¬ 
volve oxidants generated by interactions be¬ 
tween smoke components and products of 
cell metabolisnn It now remains to present 
the evidence supporting the view that oxida¬ 
tive inactivation of olPi actually takes place 


chymotrypsin, and PMN elastase-inhibit 4 - 
ing-capacities of the partly purified frac¬ 
tions were measured. In comparison to 
nonsmokers, smokers showed a 20*70 de¬ 
crease in functional activity of BMPi per 
mg of inhibitor (measured by radial immu¬ 
nodiffusion! against antrBMPi antibody). 
This reduction was not related to patient 
age or sex (29). 


In Vivo Evidence for Inactivation of Lung 
Antiproleases by Cigarette Smoking 
Earlier, we found that brief inhalation ex¬ 
posure of rats to 3 or 6 puffs of cigarette 
smoke significantly decreased elastase in¬ 
hibitory capacity per mg a I Pi in lung lavage 
fluid (52). Gadek and colleagues measured 
the inhibitory activity of alPi obtained 
from the lungs of smoking and nonsmoking 
humans and reported a nearly twofold re¬ 
duction in the functional activity (versus 
pancreatic elastase) of this inhibitor in the 
lungs of cigarette smokers (53). Recently, 
we confirmed the fact that functional activ¬ 
ity of alPi is significantly decreased (40%) 
in smokers* bronchoalveolir lavage fluids 
(BAL) compared with alPi derived from' 
nonsmokers’ BAL. In our study (54), the 
suppressant'effect of smoking on alPi ac¬ 
tivity was shown using PMN elastase as test 
enzyme. Moreover, suppression of o-lPi 
was found to be reproducible when selected 
smokers and control individuals were la- 
vaged on repeated occasions. Crossed anti¬ 
gen-antibody electrophoresis using anti* 
bodies directed against alPi and elastase 
confirmed that inactivation of alPi was re¬ 
sponsible for the decrease in EIC of 
smoker’s BAL. However, other workers 
(Stone and coworkers, Aspen Lung Confer 
cnce, June 1982) failed to detect decreased 
levels of functional a l Pi in the lower respi¬ 
ratory tract of human smokers. A critical 
variable may be the length of elapsed time 
betweenlast cigarette smoked and lung la¬ 
vage in different laboratories. . 

Cigarette smoking also may be associated 
with decreased functional'activity of bron¬ 
chia! mucous proteinase inhibitor (BMPi). 
Starting with tracheal aspirates obtained 
from patients undergoing elective surgery 
for non-pulmonary disorders, we partially 
purified BMPi from mucus collected from 
15 smokers and 21 nonsmokers. Trypsin, 


Evidence that In Vivo Inactivation ofalPi 
in Cigarette Smokers is Due to Oxidation 
Using the animal model referred to in the 
preceding section (i.e., rats acutely exposed 
to cigarette smoke inhalation), we obtained 
indirect evidence suggesting that lung olPi 
inactivation .in< vivo is caused by oxidation 
of the inhibitor. We found that rats adapted 
to oxidant-injury by exposure to 2 ppm 
ozone for 4 h, one wk prior to cigarette 
smoke inhalation, had normal! Icveli of 
alPi activity in their lung lavage fluids after 
smoking. Control, unadapted rats showed a 
30% decrease in elastase-inhibiting-capacity 
per mg lung alPi after identical ismoke ex¬ 
posure (52 )j In addition, when lavage fluids 
obtained from smoke-exposed rats were di¬ 
alyzed against the reducing agent, sodium 
metabisulfite, there was a 75% recovery of 
normal elastase-inhibiting-capacity (52). The 
recovered Inhibitory capacity was solely due 
to reactivated alPi, because antibody to rat 
alPi completely abolished the activity of 
sodium metabisulfite-treated samples. The 
reducing agent had no effect on the activity 
of the test enzyme. 

In studies on human smokers (54), we ob¬ 
tained direct evidence to support the sug¬ 
gestion that lung al Pi inactivation in vivo is 
caused by oxidation of the inhibiton It was 
shown that partially inactivated alPi 
purified from smokers’ bronchoalveolar la¬ 
vage fluids (BAL) contained methionine 
sulfoxide, whereas fully active inhibitor pu¬ 
rified from BAL or serum of nonsmokers 
did not. (Although we only detected changes 
in methionine, our conditions were de¬ 
signed to facilitate methionine sulfoxide 
quantitation'and, conceivably, may have 
masked additional changes in other amino 
acid residues). Four moles of methionine 
sulfoxide were detected per mole of inactive 
a!PL; which conforms closely to the value 
obtained by Wong and Travis (50) for alPi 
purified from rheumatoid synovial fluid. In 
the latter case, sequence analysis showed 
that the active-site methionine had been 
oxidizedi Similar studies will be necessary 
to establish the location of the oxidized 
methionine residues present in smokers’ 
lung fluid al Pi. 

The partially inactive a I Pi present in 
smokers’ BAL could not be distinguished 
from the active a] Pi present in monsmokers’ 
BAL on the basis of immunoreactivity, 
electrophoretic mobility, or molecular 
weight. Thus, smokers’ lung a 1 Pi appears 
not to be grossly denatured, inactivated by 
complex formation with granulocyte pro- 
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teases (55), or significantly degraded by 
thiol-proteases (56)j or by macrophage elas- 
tase^T). These latter agents alter the native 
electrophoretic mobility (55) or molecular 
weight of the inhibitor (56, 57). Alpha lPi 
inactivation by cigarette smoke in vivo also 
is not likely due to nonspecific denaturing 
effects of smoke on lung proteins (37) be¬ 
cause functional activity of a-l-antichymo- 
trypsin (a protease inhibitor that is resistant 
to inactivation by oxidation (58]) is un¬ 
changed in smokers’BAL. • - - a 


Does Cigarette Smoke also Inactivate 
PMN Elastase? . 

In order for the oxidation hypothesis of 
smokeris emphysema* as put forward previ¬ 
ously, to have merit, it is also necessary to 
show thati cigarette smoke does not inacti¬ 
vate leukocyte elastase to the same extent as 
it does cl Pi. Although the enzyme is known 
to be more resistant than the inhibitor to in¬ 
activation by chemical and phagocyte-de¬ 
rived oxidants (20, 29; 45, 48), the relative 
rates of inactivation of: these two proteins 
by cigarette smoke are unknown. Recently, 
Ohlsson and colleagues (37) reported'that 
human granuldcyte elastase is severely inac- 
tivared by dimethylsulfoxide solutions of 
the tar fraction of cigarette smoke, and 
Ejiofor and coworkers (59) reported partial 1 
inactivation of the enzyme by water-solu¬ 
ble, gas phase components of cigarette 
smoke. In the latter study, the enzyme was 
incubated with a relatively high concentra¬ 
tion of smoke solution for prolonged time 
periods and the rate of its inactivation was 
measured^ However, no effort was made to 
compare this rate with that of al Pi-inacti¬ 
vation under identical incubation conditions. 

We recently carried out an experiment 
(60) to compare the inactivation of human 
serum alPi and human granulocyte elastase 
by different concentrations and types of 
smoke extracts. Various amounts of aque¬ 
ous solutions of gas phase cigarette smoke 
were incubated with pure human leukocyte 
elastase or with crude human leukocyte 
granule extract for 10 min at 37° G, and the 
effects on enzyme activity determined using 
a synthetic amide substrate. Simultaneous¬ 
ly, equal concentrations of the same smoke 
solutions were incubated with 10%. human 
serum under identical conditions, and the 
effects on serum inhibition of purified or 
crude leukocyte elastase were similarly 
measured. 

In separate experiments, aqueous solu¬ 
tions of unfractionated cigarette smoke 
were incubated with pure leukocyte elastase 
or with serum'for 30 min at 22® C. Ability 
of the smoke-treated enzyme to digest elas- 
tin and of the smoke-treated serum to in¬ 
hibit elasiimdigesiion was then determined 
by measuring radial elastolysis in > elastin- 
agar plates. Both experimental protocols 
clearly showed that serum elastase-inhibit- 
ing capacity is much more susceptible to in¬ 
activation by cigarette smoke than is leuko- 


. x V:- -A' 






1002968422 










; •: £ *-* 4 ' : • lc: 


$6sE 

* * -4> 




feg$|P£§8£- 


$s£ 

•‘«m: 


• a^rto s^g 

SbbP: 


■^HSg • 

llll 

tiifc- 

lli 


• ^-‘- ^ iSfii 


j&fc-^ 

m 


mmm 

m'mw 






%^'^v$§3S^vi£^;r 




r.r, ^ v" •«. ' - . <- • v -* 

^ol.^V; V'vl^ • • * ; . ... ' /,, 


V ^ - -■ A- 

M. •'- \ : ‘ v 


tt- fe^i^Hjj^saWiWsrm ' ’ ‘ _ j 

; «.»«<...c r«wvtS5»tS IN EMPHYSEMA ’ ^ \ 

A !.-->:-■ • v ^-imv *'' ‘ ‘ 

: cytc elastase when these proteins arc incu- 
* bated with water-soluble smoke extracts for 
relatively short times. For example, at con¬ 
centrations of smoke that inactivated half 
the cri Pi (mimicking observed levels of orlPi 
activity in smokers* lung wash (53, 54), only 
a 10% loss in PMN el&stase aaivity could 
v be measured. Similar results were obtained 
with both synthetic (amide) and natural 
(elastin) substrates, gas phase smoke and 
unfractionated whole smoke, and with pure 
enzyme and crude leukocyte granule extract 
(60), ■■ •«-• ‘■.•r-nu*u*-± -;; 7 .-■ 

-An obviously important question is 
whether a short or a long incubation time in 
vitro best duplicates the conditions govern¬ 
ing interactions among elastase, a 1 Pi and 
inhaled smoke in vivo. Our results at least 
suggest that; should a 1 Pi and elastase in 
lung fluids be simultaneously exposed to in¬ 
haled smoke, half the antiprotease could 
become inactivated before the enzyme was 
. significantly affected: This would potenti¬ 
ate the ability of elastase to attack its sub¬ 
strates in the lung before its own aaivity 
was suppressed by smoke products. 

Other Effects of Cigarette Smoking on 
Lung Prolease-Antiprotease Balance 
Although not' immediately relevant to the 
present discussion of oxidative processes in 
emphysema, af least brief mention should 
be made of the fact that cigarette smoking 
also causes increased numbers of PMN and! 
macrophages to appear in the lung (42, 43), 
both of w hich cell types have the capacity to 
secrete el&stase. The recruitment of PMN 
into smokers’lungs may involve prior acti¬ 
vation of pulmonary macrophages by 
smoke components because stimulated I al¬ 
veolar macrophages can elaborate chemoat¬ 
tractants for PMN (42, 61-64). Further de¬ 
tails canibe found in earlier reviews of the 
subject (e.g., 5, 43). . 

The increased numbers of lung macro¬ 
phages and PMN caused! by smoking (as 
well'as the inactivation of elastase inhibi¬ 
tors) leads to the prediaion that increased 
elastase aaivity might be detectable in lung 
fluids of smokers. In preliminary studies by 
■ the authors (Janoff A, Raju'L, Deaf.ng R, 
unpublished observations), 7out of 11'smok¬ 
ers showed elevations in PMN elastase ac¬ 
tivity oflung fluids compared with II non¬ 
smoking control! subjeas (albeit involving 
very small amoun ts of enzyme (< 10 ng/mg 
lavage albumin)). The enzyme was meas¬ 
ured 1 in concentrated bronchoalveoJar 
lavage effluent using the highly sensitive 
and specific elastase substrate, butyloxy- 
carbonyM-alanyl-Nalanyl-1 -prolylll-valyfi 
aminomethylcoumarin (65) (a generous gift' 
of Dr. Morris Zimmerman; Merck Institute, 
Rahway, NJ), In one experiment, aaivity 
was completely inhibited by phenylmeth- 
anesulfonyj fluoride (10 m\l) but only part¬ 
ly inhibited by eihyjenediaminetelraacetate 
(10 mM), suggesting that the elastase might 
be a serine enzyme (PMN or monocyte-de¬ 


rived) rather than a metallo-enzyme (mac¬ 
rophage-derived) on that bot h enzymes were 
present. It may have been complexed to 
a2-macroglobuIin because, in another' ex¬ 
periment, activity ofilavage was not signifi¬ 
cantly decreased by added serum. 

Thus, lung fluids of smokers appear to 
contain some oxidized, inactivated ol Pi 
(see previously) and, in some cases, small 
amounts ofielastase activity,(but more than 
is found in nonsmokers* lungs). Taken to¬ 
gether, these findings point to the possibil¬ 
ity that protease-anti protease balance in the 
lung may well be disturbed by such diverse 
effects of smoking as recruitment and 1stim- 
ulationiof protease-secreting cells and inter¬ 
ference with protease-inhibiting funaions 
of alPi and BMPi. In the next seaion, an 
additional] newly discovered effect of smok¬ 
ing on elastin synthesis will be described, 
suggesting that even a third “chemical le¬ 
sion" may result from smoking;; one that 
could further exacerbate the development 
of emphysema in susceptible individual*. 

Does Cigarette Smoking Exert an 
Inhibitory Effect on Elastin Repair? 
Desmosine is a major cross-linking amino 
acid in elastin, and its formation is depen+ 
dent upon the oxidative deamination ofic- 
amino groups of lysine residues in tropoel&s- 
tin by the copper-dependent'enzyme, lysyl 
oxidase. We recently (66) measured desmo- 
sine formation during elastinogenesis in 
v/fro; using a cell-free system consisting of 
tropoelastin purified from chick embryo 
thoracic aorta or porcine aorta and lysyl 
oxidase purified from chick embryo or bo¬ 
vine lung. Desmosine formation was meas¬ 
ured quantitatively using a specific, highly 
sensitive radioimmunoassay previously de¬ 
scribed (67). Desmosine synthesis could be 
demonstrated in this system with both ho¬ 
mologous components (chick tropoelastin 
and chick lysyl oxidase) as well'as with he¬ 
terologous components (pig tropoelastin 
and bovine enzyme). Synthesis could be in¬ 
hibited 80 to 90% in either iystem in the 
presence of a F20 dilution of aqueous ex¬ 
tract of fresh cigarette smoke. Moreover, 
the inhibitory ccmponenr(s) also could be 
demonstrated in i the gas phase of filtered 
cigarette smoke and they behaved as nega¬ 
tively charged substance(s); during ion-ex¬ 
change chromatography (66). 

More recently, we also showed that 
water-solubli components ofi the gas phase 
of filtered cigarette smoke inhibit the first 
step in lysylioxidase-catalyzed oxidative de¬ 
amination of free t-amino groups of elastic 
The inhibitory effect of smoke w-as dose de¬ 
pendent. Because this step is also involved 
in formation iofiother elastin cross-links be¬ 
sides desmosine, the inhibitory action of 
cigarette smoke may have broad effects on 
elastin synthesis. The foregoing studies are 
described in further detail elsewhere (68)j 

Independently, Osman and associates 
(69) have simultaneously reported that to¬ 


bacco smoke exposure retards elastin repair 
in vivo . Using hamsters ini which experi¬ 
mental emphysema was first induced by a 
single intratracheal injection of pancreatic 
elastase, these investigators showed that 
pulmonary elastin content is regained 
within 1 wk after injury in animal* not ex¬ 
posed to cigarette smoke. By contrast, elas- 
tase-injured “hamsters exposed! to 6 to 7 
puffs of cigarette smoke ati hourly intervals 
for 8 h/day during the same repair period 
do not resynthesize elastin at the same 
rate.” These workers injected ,4 C-Iysine 
during the repair phase after injury and 
found that “smoke exposure reduced ,4 C- 
lysine incorporation into desmosine and 
isodesmosinc by more than 40 percent” 
(69). 

It Has been suggested that elastin resyn¬ 
thesis may limit' the degree of anatomic de¬ 
formity in pulmonary emphysema (70), 
largely on the basis of evidence showing 
that lysyfoxidase inhibitors (such as p-ami- 
noproprionitrile) greatly exacerbate the le¬ 
sions induced by intrapulmonary elastase 
administration (70). Thus, the demonstra¬ 
tion that elastimsynthesis is blocked by to¬ 
bacco smoke components (66, 68, 69), may 
also help to explain the increased risk of 
pulmonary emphysema associated with cig¬ 
arette smoking: 

A Final Speculation: Inhibition of 
Transglutaminase by Cigarette Smoke- 
Potential Pathophysiological Effects 
on Lung 

Ggarette smoke contains a complex array 
of chemicals, and smoke solutions may 
therefore modulate other pathways of lung 
metabolism besides those already mentioned! 
in this report. For example, lung transgluta¬ 
minases may be inhibited by cigarette 
smoke because transglutaminase in plasma 
(aaivated faaor XIII of the clotting cas¬ 
cade) recently was found to be suppressed 
by smoke solutions (71), 

Transglutaminases catalyze several acyl 
transfer reactions in which y-carboxamide 
groups of peptide-bound glutamine resi¬ 
dues serve as acyl donors. Epsilon- (yglhta- 
myl) lysine cross-link formation (as in cross- 
linking of fibrin polymers during hemosta¬ 
sis) is perhaps the best recognized example 
(72). However, tissue transglutaminases 
may have several other functions. For ex¬ 
ample, a transglutaminase in macrophages 
has been implicated in regulating receptor-’ 
mediated endocytosis of o2-macroglobulin 
and other molecules (73)j Might suppres¬ 
sion of such an enzyme by cigarette smoke 
affect'the endocytic:activity, of pulmonary 
macrophages? Again; fibroblast transgluta¬ 
minases have been implicated in stabiliza¬ 
tion of a rigidly cross-linked cytoskeleton 
conducive to a nonproliferative state (74), 
Might inhibition of this enzyme function by 
inhaledioigarette smoke derange cytoskele- 
tal architecture in some lung cells and in¬ 
crease the risk of lung cancer in smokers? 
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.> A Biochemical Links Between Cigarette 
Smoking and Pulmonary Emphysema— 

; G/rre/ir 5/o/iu o/ Me Hypothesis 
Currently, three separate actions of ciga¬ 
rette smoking on lung metabolism have 
been recognized, which may act together to 
increase the risk of chronic obstructive lung 
disease in smokers. First, cigarette smoking 
may promote the oxidative inactivation of 
major elastase inhibitors in the lung (alPi 
and BMPi). Evidence was presented in this 
report implicating actions of smoke oxi¬ 
dants and of oxidants generated by meta- 
bo l ically-stimul at ed lung cells in smokers. 
Synergistic effects involving both forms of 
oxidizing activity also are possible. Second, 
smoking may simultaneously increase the 
elastase “burden” on the pulmonary con¬ 
nective tissue by activating the recruitment 
of macrophages and neutrophils to the 
lung. Third, newer evidence suggests a pre¬ 
viously unsuspected effect of smoking, 
namely, inhibition of cross-link formation 
during resynthesis (repair) of clast in. These 
relationships are summarized in figure 1. 

It seems reasonable to suggest that the 
distribution within the acinus of these three 
smoking-linked “biochemical lesions” (oxidit- 
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lion of alPi, recruitment of elistase-sccret- 
• r ing cells, inhibition of elastin repair), might 
parallel the acinar distribution of inhaled 
smoke. Noxious components of cigarette 
.smoke (oxidizing free radicals, cell-stimu¬ 
lating particulates, putative lysyl-oxidasc 
inhibitors such as cyanide (75), or copper* 
chelators (76)) would be expected to have 
their greatest impact at the bifurcation of 
the terminal bronchiole and first-generation 
respiratory bronchioles (77). It is just in this 
centriarinar zone that the anatomic lesion 
of emphysema typically manifests itself in 
cigarette smokers. These relationships are 
depicted schematically in figure 2. 


//. Questions for Future Study 
Although the mechanisms proposed in this 
report, taken together, constitute an attrac¬ 
tive hypothesis for the pathogenesis of em¬ 
physema in cigarette smokers, many ques¬ 
tions still remain. Foremost among these is 
the need to explain the variable susceptibil¬ 
ity among smokers to development of the 
disease. It seems safe to assume that there 
are other genetic and/or environmental risk 
factors affecting the outcome, in addition 
to those described previously. 

One suggestion holds that antioxidants 
may play a key role. It has been i suggested 
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that ceruloplasmin, a major plasma antioxi¬ 
dant in man, can protect alPi against inac¬ 
tivation by myeloperoxidase (Taylor JC, per 
sonal communication )j In addition, a newly 
discovered enzyme, methionine-sulfoxide 
reductase, is especially interesting in this re¬ 
gard. This enzyme was first purified from 
E. co//, but an analogous enzyme has since 
been demonstrated! in mammalian tissues 
including lung and blood. The microbial 
enzyme can reduce methionine sulfoxide in 
proteins to native methionine (78) and is ca¬ 
pable of partiaJly reactivating chemically- 
oxidized a 1 Pi (79)j Further studies of the 
mammalian methionine-sulfoxide reductase - 
and of ceruloplasmin appear warranted be¬ 
cause individual variation in the activity of 
these enzymes in lung or blood could con¬ 
ceivably exert a profound influence on pul¬ 
monary protease-antiprotease balance in 
smokers. 

It is also worth noting that o I Pi function 

* is depressed in bronchopulmonary secre¬ 
tions of infants exposed to hyperoxia, as 
part of current management protocols for 
infantile respiratory distress syndrome 
(IRDS) (80 )j Could protease-antiprotease 
imbalance, thus acquired; play a role in the 
development of bronchopulmonary dyspla¬ 
sia, a not infrequent, emphysema-like com- 
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Rg. 1 (/e/0. Proposed biochemical links between cigarette smoking and the pathogenesis of emphysema, (t) Smoking recruits monocytes macrophages and 
(through macrophage chemotactic factors) PMn to lung, derating the connective tissue -burden** of elastoly tic serine and metalldproteases. (ill) At the same 
time, oxidants In smoke plus those produced by smoke-stimulated lung phagocytes (as well as oxidizing products of chemical interactions between these two) 
Inactivate BMPi and *,Pi, the latter representing the major antielastase "shield" of the respiratory units. (II) Other, unidentified water-soluble gas phase com¬ 
ponents of cigarette smoke (cyanide? cop pe re delators?) Inhibit lysyl bxidase catalyzed oxidative deamination of z-amino groups in Iropoelaslin and block for¬ 
mation of desmosine (and presumably other) cross links during elastin Synthesis, thus decreasing connective tissue repair. (IV) Anti-oxld&nts (ceruloplasmin? 
methionine-sulfoxide- reductase?) may protect or reactivate eiastase-inhib.lbrs, and other unidentified factors may modulate the chemical lesions induced in 
the tung by smoking so as to influence the risk or developing chronic obstructive lung disease. (Reproduced by permission from IM-I hlernal Medicine for the 
Specialist, Vol. 3, NO. 3 March 198Z) Fig. 2 [right). Biochemical lesions induced by smoking are believed to parallel the distribution of Inhaled smoke In the 
diagram, only the Inactivation ,of »,PI by oxidizing activity is shown, bul ithe same reasoning can be extended to include the other 2 chemical lesions shown in 
figure 1. On the right-hand side of figure, the inhaled smoke constituents are shown as achieving their greatest concentration in the cenlfiacmar zone (bifurca¬ 
tion of terminal bronchiole and first-generation respiratory bronchioles).; Therefore, although the overall inactivation of 0 ,Pi measured in fluids recovered from 
the lower .respiratory tract ol smokers is about 50 V* (see text), the respiratory epithelium in the centriacinar structures may be more severely depleted of active 
elastase Inhibitor. Thus, in smokers, active ®, Pi concentration in this zone may reach the disease threshold that is present throughout the acinus in 
homozygous ®,Pi deficiency {ZZ In the diagram). This could explain why centriacinar emphysema Is most often associated with cigarette smoking whereas 
panacihar emphysema la more characteristic of ZZ disease. (MZ * heterozygous a,pi 1 deficiency.) (Reproduced by permission from IM,-Internal Medicine for 
the Special list; Vol. 3, NO. 3 March 1982.) 
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plication of IRDS? Similarly, oxidative pro¬ 
cesses may disrupt protease-antiprotease 
balance in the lungs of adult patients treated 
with hyperoxia for acute respiratory distress 
syndrome (ARDS). Abnormal functional 
levels of P\1N elastase and a I Pi have been 
reported in some ARDS patients (see Coch¬ 
rane’s report in this symposium). 

Future work also may extend the oxida¬ 
tion hypothesis to embrace lung injury as¬ 
sociated with exposure to other environ¬ 
mental pollutants besides cigarette smoke. 
For example, oxidizing gases such as the ox¬ 
ides of sulfur and nitrogen, as well as 
ozone, are frequent environmental pollu¬ 
tants in urban areas and industrial sites, and 
one of these (ozone) has already been 
shown to inactivate al Pi iwi vitro (36). How¬ 
ever, direct oxidant-injury to lung connec¬ 
tive tissue, independent of protease-media¬ 
tors, also must be considered in all of the 
foregoing: Indeed, oxidant cytotoxicity (81- 
83) and oxidant-mediated damage to inter¬ 
cellular macromolecules such as hyaluronic 
acid' (84, 85) and collagen (g6) are well es¬ 
tablished: Direct injury by oxidants has 
been proposed as the chief mechanism re¬ 
sponsible for the interstitial pulmonary fi¬ 
brosis that can i be induced in experimental 
animals by intratracheal instillation of per¬ 
oxidases together with an H 2 0 2 -generating 
system (87). Similarly, the role of direct oxi¬ 
dant-mediated injury needs to be explored 1 
in i the pathogenesis of emphysema of ciga¬ 
rette smokers and individuals exposed to in¬ 
dustrial pollutants. 
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II. Prospects for Chemical Treatment of Emphysema 
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Emphysema is defined as permanent en¬ 
largement of the respiratory air spaces of 
the lungs with destruction of their walls. All 
would agree that we do not know enough 
about the mechanisms of lung repair to 
have any hope of restoring emphysematous 
lung tissue to normal. But the development 
during the list two decades of the hypothe¬ 
sis that damage to the elastic fiber network 
of the lung underlies the development of 
emphysema, and that this damage is due to 
an imbalance of proteases and antiproteases 
in the lungs, dearly provides the oppor¬ 
tunity, for preventing emphysema. The evi¬ 
dence supporting this hypothesis is still 
fragmentary and largely indirect. The ques¬ 
tion obviously arises as to whether'attempts 
to prevent emphysema by chemical treat¬ 
ment should'be deferred until!understand* 
ing of the basic pathogenetic mechanisms is 
more complete. There are many precedents 
for not doing so. Digitalis was used for 
treating heart failure and penicillin was suc¬ 
cessfully used for treating many infections 
long before the mechanisms of action of 
these drugs became clear. It seems entirely 
reasonable to > attempt to manipulate the 
protease-ant [protease system in the lungs 
before we understand all its nuances. 

’ Clinical trials requiring multi-center ef¬ 
forts are among the most expensive of all 
biologic 'research endeavors. In the first 
paper in this section, Hurd sets forth the 
consultative and administrative procedures 
for undertaking such research under the 
aegis of the Division of Lung Diseases 
(DLO) of the National Heart, Lung, and 
Blood Institute. Few other fund-granting 
agencies can afford to support such investi¬ 
gations. 

The evidence supporting the protease- 
antiprotease hypothesis of emphysema is 
much more compelling in subjects with 
homozygous alpha-1-protease inhibitor de¬ 
ficiency than it is in genetically normal per¬ 
sons. However, this genetically determined 
form of emphysema comprises at most a 
few percent of the total population of in¬ 
dividuals with emphysema. The problems 
of finding subjects with homozygous alpha* 
I-protease inhibitor deficiency before they 
have severe emphysema are formidable. 
Burrows, analyzing the results of the first 
two meetings of a DLD Working Group for 
Evaluation of Elastase Inhibitor Therapy in 
Pulmonary Emphysema, points out in the 
second paper the need for deciding when in 
the course of their disease such individuals 


should be studied. However, statistical pro¬ 
jections indicate that 300 to 500 PiZ sub¬ 
jects with mild airways obstruction would 
needito be followed for a minimum of three 
years. Quite apart from the matter of ex¬ 
pense, the enrollment of such a large num¬ 
ber of PiZ subjects in a controlled trial of 
replacement therapy would be a difficult 
task, if indeed it is possible. 

In the third paper of this section, Buist 
summarizes the results that'were finally de¬ 
veloped by the DLD workshops on the nat-‘ 
ural history of air-flow obstruction in 
groups of PiZ individuals collected in many 
institutions in the United Stales and in 
Sweden. As already noted, the chief pur¬ 
pose of these workshops was to determine 
the feasibility of a clinical trial of antipro- 
teolytic therapy in PiZ individuals. Final 
analysis was limited to 105 subjects with a 
PiZ phenotype and with duration between 
first and last FEV, 0 measurements of 12 or 
more months. Workshop participants fully 
recognized the limitations of retrospectively 
collected dka. Furthermore, in some in¬ 
stances, affected persons presented as pa¬ 
tients, and' ini other instances they were 
identified by screening of patients’ relatives, 
blood bank samples, or persons participat¬ 
ing in population studies. There is no 
assurance that the cases are representative 
of all I PiZ subjects. 

Within these limitations, the study pro¬ 
vides information on changes over time of 
the FEVi.o in PiZ individuals that are now 
not available. It is not surprising that the re 
was a high mortality but quite a low calcu¬ 
lated mean rate of annual decline (45 ml/yr) 
in 52 PiZ subjects with FEV, „ values below 
30% of predicted. Neither is it very sur¬ 
prising that 71 PiZ subjects with; initial 
FEV, „ values between 30 and 65% of pre¬ 
dicted had a mean rate of decline in FEV, 0 , 
of 107 ml/yr, a value almost twice the 
average rate of dklinc in patients (pre¬ 
sumably non-PiZ) with ordinary COPD. 
The finding of 22 subjects with initial 
FEVj „ values greater than 65% of pre¬ 
dicted who showed a relatively low mean 
rate of decline in FEV, 41 i ml/yr, is of 
greater interest;;these persons were mostly 
detected in population surveys. Thus, there 
is a population of PiZ individuals with 
moderate to severe air-fiow obstruction 
who go through a period of relatively rapid 
functional decline, and! these individuals 
would be suitable for entry into a clinical 
triallofithe efficacy of antiprotease therapy. 


But those with very severe and those with 
very mild air-flow obstruction would not be 
suitable for such a trial. These data also 
suggest that advertising would be a more 
suitable way of finding PiZ subjects willing 
to volunteer for an antiprotease trial'than 
population surveys of well people. The ob¬ 
servations that some PiZ subjects with mild: 
disease have a slow rate of functional de¬ 
terioration is intriguing and seems worthy 
of further study. 

In Glaser’s paper, a method is described 
that should be readily adaptable to com¬ 
mercial-scale production^ for. isolating 
alpha-1-pTOtease inhibitor from Cohn Frac- 
tion-IV-1, a relatively unused side product 
in the worldwide production of albumin 
and immunoglobulin from human plasma. 
The method dependi on the finding that 
alpha-Lprotease inhibitor has a single, 
unusual disulfide bond that consists of a 
cysteine-containing region covalently, linked 
to a free cysteine or glutathione via a disul¬ 
fide bridge. The linkage can be broken by 
reductar.ts without adversely affecting the 
stability or the protease-inhibitory activities 
of the proteinj This’finding permits the 
removal of contaminating proteins by salt¬ 
ing out in the presence of strong reductants. 
Further purification of the product is car¬ 
ried out with DEAE-anion exchange chro¬ 
matography. In order to minimize the high 
risk of contamination by hepatitis virus, a 
specifically developed pasteurization pro¬ 
cedure is carried out. 

Gadek and colleagues, using a different 
preparation of alpha-1-protease inhibitor, 
have demonstrated that blood and bron- 
choalveolar lavage levels of alpha 1-pro¬ 
tease inhibitor can be raised to normal 
levels by weekly intravenous injections of 
the protein into persons with homozygous 
alpha-1-protease inhibitor deficiency. No 
side effects of treatment were encountered 
with 4 weekly treatments in 5 persons. 
Thus, the scene is set for the assumption by 
alpha-1-protease inhibitor of a major role 
in the preventive management of emphyse¬ 
ma in alpha* 1-protease inhibitor-deficient 
individuals. Ntedkss to say, no private 
manufacturing company will undertake the 
commercial development of alpha-1-pro¬ 
tease inhibitor without the assurance that a 
case-finding program and subsidization of 
treatment of alpha-1-protease inhibitor 
deficient individuals would follow. 

Powers, in the final paper in this section, 
summarizes what is known of the chemical- 
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ly active site of human neutrophil elastase. 
He discusses a number of potent reversible 
and irreversible inhibitors that have bceni 
developed for this enzyme. Several of these 
agents have been shown to be effective in 
preventing elastase-induced emphysema in 
animal Imodels of the disease. However, lit¬ 
tle is known of the toxicity or pharmacol¬ 
ogy of these inhibitors and much work still i 
needs to be done with theim 
It is plain that other than far efforts bent 


toward decreasing the smoking of tobacco, 
the preventive management of emphysema 
is still'a concept that is difficult and far off. 
But it is important to recognize that the ap¬ 
proaches seti forth in this section were not 
even dreamed ofitwo decades ago. They are 
all the fruits of medical research that have 
cost but a tiny fraction of the sums of 
money that have been spent to care for the 
victims of emphysema. It seems clear that 
serious impediments, logistic, scientific and 
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economic, stand in the way of a major ini¬ 
tiative for the preventive management of 
emphysema in the near future. It can hardly 
be argued that, while these difficult deci¬ 
sions are being dealt with, government, in¬ 
dustry, and private research organizations 
would do well to continue supporting basic 
research efforts in the pathogenesis of 
emphysema. 

. Gordon : L. Snider , Editor 
Boston University, Boston 
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Introduction 

In October 1978, the Division of Lung Dis¬ 
eases, National Heart, Lung, and Blood 
Institute, convened a group of experts to 
consider the advisability and feasibility of 
developing and testing agents for the treat¬ 
ment! of human pulmonary emphysema. 
The group was asked to evaluate the possi¬ 
bility, of treating: (/) patients with a genetic 
deficiency of alpha-1-antitrypsin with iso¬ 
lated human alpha-l-antitrypsin or synthetic 
k>w molecular weight elastase inhibitors, 
and (2) treating more common varieties of 
emphysema with' the elastase inhibitors. 
Based on available data, the conferees 
agreed in principle that it might be possible 
to treat emphysema, but they identified sev¬ 
eral formidable problems that would have 
to be solved before clinical trials of these 
therapies could be undertaken (1). 

A proposed plan to meet these goals was 
divided into three phases. Phase 1: (/) De¬ 
termine the natural history of emphysema 
in patients with phenotype PiZZ for alpha- 
I-antitrypsin. (2) Develop methods for iso¬ 
lation of alpha-1-antitrypsinr (5) Set up a 
means of testing the safety of elastase inhi¬ 
bitors. (-0 Encourage development of new 
elastase inhibitors. (5) Encourage the devel¬ 
opment of biochemical means of detecting 
lung destruction in patients with emphyse¬ 
ma. Phase 2: (l) Design the study of ther¬ 
apy of patients with PiZZ phenotypes and 
identify and enroll patients. (2) Produce 
therapeutic amounts of alpha-I-antitrypsin, 
prove its safety in animals and people, and 
determine the clinical usefulness in patients. 
(J) For common emphysema, produce ther- 
apeuiic amounts of elastase inhibitors, prove 
safety in animals and people, and determine 
the clinical usefulness in patients. At phase 
3, clinical trials would be conducted. 

Many steps have been taken to meet the 
goal'of improved management of emphyse¬ 


ma, as evidenced from other presentations 
in this symposium. Although clinical inves¬ 
tigations to demonstrate feasibility of 
alpha-1-antitrypsin replacement therapy in 
PiZZ subjects have been reported (2), clini¬ 
cal trials to provide the definitive validation 
step in testing the efficacy of this treatment 
regimen before it is introduced into practice 
have not yet been initiated. What are the 
prospects for getting the current theories re¬ 
lating to the treatment of pulmonary em¬ 
physema adequate clinical trials? 

The Clinical Trial : : — 

The National Heart, Lung, and Blriod Insti¬ 
tute supports a large number of basic, clini¬ 
cal, and applied research projects that have 
as their objective understanding the etiol¬ 
ogy and pathogenetic mechanisms involved 
in disease processes. However, translation 
of results from the basic and clinical scien¬ 
tist into specific application for diagnosis 
and treatment of disease is an important 
step that must be taken. The clinical trial 
represents a mechanism whereby therapeu¬ 
tic modalities, among others, can be tested 
and validated before introduction'into the 
health care system. A clinical trial may also 
be undertaken iin'order to determine which 
of several'alternative treatments already in 
use are most effective. 

Clinical trials have been defined (3) as co¬ 
hort studies in which treatment is initiated 
specifically fonevaluation and not just dur¬ 
ing the care on observation of patients. 
Such trials are further classified into uncon¬ 
trolled I trials, in which there is no concur¬ 
rent comparison group; nonrandom con¬ 
trolled trials, in which concurrent comparison 
groups are allocated by means of some 
nonrandom process; and randomized con¬ 
trolled 'trials, in which subjects are random¬ 
ly allocated into treatment and control 
groups. Depending on the hypothesis to be 


tested and the endpoint of the study, a 
clinical trial may be undertaken in a single 
center with just a few subjects or it'may re¬ 
quire participation of several centers or 
clinics to engage in a collaborative effort in¬ 
volving many subjects. 

The steps to initiate a clinical study re¬ 
quire the concerted effort of basic scientists 
and clinicians who must be confident' that 
the sciemific and'medical basis of the pro¬ 
posed study is valid j If new drugs are to be 
tested, clearance procedures with the Feder¬ 
al Food and Drug Administration must be 
initiated. If a large amount of specific bio¬ 
materials are required] procedures for:large 
scale production must be available and 'a pro¬ 
cess initiated to prepare sufficient amounts 
for testing purposes. Financial resources must 
be available to assure long-term commitment 
to participants in a clinical study. At a time 
when there are more demands on fewer Fed¬ 
eral funds for research, the decision to im¬ 
plement a diriical trial through the NIH has 
become mortr critical. These trials are often 
expensive to undertake because of the need to 
involie multiple clinical l centers over' a long 
period of time to enroll sufficient numbers of 
subjects and follow them until the therapy can 
be effectively evaluated. 

Steps in Initiation of a Clinical Tiriali 
The Research Grant 
The National Heart, Lung, and Blbod Insti¬ 
tute has provided financial support for 


1 From the Division of Lung Diseases,, Na¬ 
tional Heart, Lung, and Blood Insiituie, Nation¬ 
al Institutes: of Health, Department of Health 
and Human Services, Bethesda, Maryland. 

1 Requests for reprints should be addressed to. 
Suzanne S. Hurd, Ph.D. 1 , Division of!Lung Dis¬ 
eases, National Heart, Lung, and BlOod Insti¬ 
tute, National Institutes of Health., Westwood 
Bldg., Room 6A16, 5333 Westbard Ave., Bethes¬ 
da. MD 20205. 
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many clinical studies through several differ* 
ent mechanisms. A single investigator or a 
group of investigators may choose to devel¬ 
op and design a clinical research investiga¬ 
tion and submit a regular research gram. If 
adequate numbers of subjects are available 
to'testiHc hypothesis and the necessary bio- 
statistical skills are available, a single center 
trial is feasible. However, if multiple insti¬ 
tutions are required in order to enroll ade¬ 
quate numbers of subjects or to minimize 
influence of geography, climate, or life¬ 
style, a group ofi investigators could decide 
to develop a common study protocol with 
biostatistical expertise included either in 
one of the cooperating clinical centers or as 
a separate unit. This lateT approach is called 
an “investigator-initiated muhicemer clini¬ 
cal trial” (4), A research grant application 
for the support of a clinical investigation, 
whether single-center or multi-center, is 
reviewed for scientific merit through the 
regular NIH study section mechanism and 
competes for funding available through the 
research grant program. 




, <• The Research Contract 
Another mechanism for support of a clini- 
. cal trial is through a contract program irnti- 
' ated by the National' Heart, Lung, and 
B16od Institute. In this case, specific funds 
are set aside in the Institute’s budget to sup¬ 
port the investigation. Because support for 
clinical trial*, particularly those concerning 
. preventive regimens, can be expensive, a 
specialized decision process has been devel¬ 
oped by the Institute that has been a useful 
. aid for the formulation, design, conduct, 
analysis, and dissemination of the results of 
clinical'trials (5); The process includes ma¬ 
jor decision points at which the Institute 
commits resources to plan a trial, to con¬ 
duct a trial, and to terminate the trial. At 
each decision point, the program is sub¬ 
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jected to a series of' reviews—peer review. 
Division i advisory group review. Institute 
review, and Institute Advisory Council re¬ 
view. The reviews center on four basic fac¬ 
tors: the state of the science, the feasibility 
of the proposed trial in , terms of the 
likelihood of the results and the resources 
required, the potential 1 impact of the trial, 
and ethical considerations. 

Of particular importance to the conduct 
of a clinical trial is a Data and Safety Moni¬ 
toring Committee, a committee charged 
with overseeing the ongoing trial results. 
The members keep careful watch for signs 
of toxicity from the intervention as well as a 
continual analysis of the efficacy of the 
treatment or preventive regimen. The com¬ 
mittee will recommend to the Institute and 
ultimately the trial’s steering committee that 
the study be terminated if intervention tox¬ 
icity is noted or if the major question ap¬ 
pears to be answered. 


cal center require participation by such a 
large number of centers that the financial 
expense ofconducting a trial would be pro¬ 
hibitive? 

The NHLBl will continue to encourage 
and support as many meritorious research 
grant projects as possible in this important 
area. Workshops will! be held to continue 
the planning process toward developing a 
clinical iprotocol for the testing of products 
that may be effective in the prevention or 
management of pulmonary emphysema. In 
all steps, we will continue to involve the sci¬ 
entific community through the Institute’s 
advisory committees to evaluate the scienti¬ 
fic information as it becomes available and 
to share in the complex decisions that must 
be made before biomedical resources are 
committed to initiate a clinical trial to test 
new agents for treatment of human pulmo¬ 
nary emphysema in a controlled clinical 
investigation. 


A significant! investment of public and pri¬ 
vate funds has been made for studies of the 
protease-antiprotease theory, of develop¬ 
ment of pulmonary emphysema. Important' 
contributions to our understanding of the 
complex pathogenetic mechanisms have 
been reported. However, many questions 
remain to be answered before a large-scale 
clinical trial on treatment of emphysema 
would be endorsed by the scientific commu¬ 
nity, the Institute, and its advisors. For ex¬ 
ample, is there a consensus on the product 
to be tested? Although the homozygous 
PiZZ individual is the likely subject, at 
what point should' intervention be consid¬ 
ered? Have sufficient PiZZ individuals been 
identified for participation in a clinical trial 
or would massive screening programs first 
have to be undertaken? Will the low 
number of PiZZ subjects at any given clihi- 
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In recognition of the growing interest in the numbers of asymptomatic PiZ subjects 
development of antiproteolytic therapies would present a serious logistic problems 




for emphysema, the Lung Division of the 
National Heart and Blood Institute con¬ 
vened, in October 1978, a Working Group 
for Evaluation of Elastase Inhibitor Ther¬ 
apy in Pulmonary Emphysema, (The mem¬ 
bership of this Working Group is indicated 
at the end of this paper,) Several conclu¬ 
sions were reached and recommendations 
made at this meeting. Most had to do with 
the development of improved antiproteo¬ 
lytic materials and studies of their pharma¬ 
cology. The development of chemical 
markers of lung destruction in emphysema 
was also considered a high priority. 

In regard to possible clinical trials of 
therapies that looked promising, it was rec¬ 
ommended that any initial trial should be 
carried out on 1 alpha-Lantitrypsin deficient 
PiZ subjects, because the emphysema of 
such subjects is clearly related to an anti- 
protease deficiency and should be more 
likely prevented or ameliorated by replace¬ 
ment therapy than in patients without de¬ 
monstrable anti elastase deficiency. However, 
it was recognized that little was known 
about the natural history of PiZ disease and 
_ that if this was as variable as that of “ordi¬ 
nary” chronic obstructive pulmonary dis¬ 
ease (COPD), very large numbers ofsubjects 
would need to be followed for a prolonged 
period to demonstrate significant beneficial 
effects on progression of disease or on mor- 
. tality, It was suggested that much might be 
learned iby examining data already available 
in the United States and other countries re¬ 
garding mortality and rates of functional! 
decline in PiZ subjects. It was recommended 
that a workshop be convened to collect, dis¬ 
cuss, and interpret the compiled information. 

A Workshop on the Natural History of 
the PiZ Subjects was subsequently con¬ 
vened in March 1980 under the auspices of 
the Lung Division. Participants were in¬ 
vited to bring with them as many examples 
of PiZ disease as possible. The purpose of 
this report is to summarize the discussions 
at that workshop and to explain some of its 
conclusions. 

Ideally, one might wish to carry out a 
trial of the ability of antiprotease adminis¬ 
tration to prevent the emergence ofdisease 
Tn asymptomatic PiZ subjects. Unfortu¬ 
nately, the proportion of PiZ subjects who 
• develbp emphysema is unknown, and the 
age of onset of frank disease appears to be 
quite variable. Thus there would be no way 
to determine sample sizes needed to deter¬ 
mine the efficacy of therapy; very large 
numbers of subjects would probably be re¬ 
quired. Furthermore, recruitment of large 
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For this reason; it was felt that primary pre¬ 
vention efforts to demonstrate efficacy of 
therapy would be impractical; at least as a 
first step. 

The possibility of using late stage PiZ em¬ 
physema cases was next considered, using 
mortality as an outcome. The fact that mor¬ 
tality is a clearly identifiable end point is a 
clear advantage in such a study. Also, by 
identifying patients with an expected high 
mortality, significant differences might be 
noted within a few years, as was the case in 
the Nocturnal Oxygen Therapy Trial (I); In 
that study, significant differences in mortal¬ 
ity were noted in a sample of a few hundred 
COPD patients followed for less than three 
years. 

Despite these potential i advantages, the 
group believed that; there were overriding 
disadvantages in studying preierminal ill¬ 
ness. First, the lite stages of the disease may 
be “self-perpetuating” and too late for anti- 
protease to be effective. Also, the relation¬ 
ship of mortality to the stage of the disease 
is unknown in untreated PiZ emphysema. 
If it resembles ordinary COPD; initial func¬ 
tional levels, age, and evidences of cardiac 
disease become critical variables (2) that 
would need to be controlled. Furthermore, 
a High rate of intercurrent diseases might 
greatly influence results, especially in older 
subjects. 

The conclusion of the group was that the 
best type of clinical trial would involve PiZ 
subjects already showing definite but rela¬ 
tively mild airways obstruction. This would 
provide an opportunity to arrest progres¬ 
sion of the emphysematous process at a rel¬ 
atively early stage when rates of progression' 
might be discermbly altered. Even such a 
study is fraught with problems, however. 

Because mortality rates would be expected 
to be relatively, 16w in;these patients, the 
rate of decline in function would be the 
only practical end point of the study. Rates 
of decline are relatively slow and show wide 
variability in subjects with “ordinary” 
COPD. Whether the rates of decline in ven¬ 
tilatory function are as low and as variable 
in PiZ emphysema is unknown j If they are 
similar to those in ordinary COPD, enor¬ 
mous numbers of experimental and control 
subjects might be needed to show signifi¬ 
cant differences between treated and un¬ 
treated groups. 

The magnitude of the variability in rates 
of decline is exemplified in table 11 repre¬ 
senting data from a study of 200 COPD pa¬ 
tients enrolled in an emphysema study in 
Chicago more than 20 years ago (3). The 
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TABLE 1 


RATES OF DECLINES IN FEV, AND THEIR 
STANDARD DEVIATIONS (S.D.) IN 
UNSELECTED COPD SUBJECTS 
V .VERSUS LENGTH OF FOLLOW-UP 
. (CHICAGO STUDY) 


Duraiion 

(yr) 

Mean Decline 

rV( '• ' (m0 ‘ ‘ 

S.D. 

(m/) 

1 , “ 

-&3 . , . 

218 

2 

- 69 

153 

3 

11 -62 

97 

4 

-57 

83 

5 

-56 

85 

6 

-58 

84 


variability in rates of functional loss is very 
high w hen there are only a few years of fol- 
low-up; but variability decreases withitime 
of study. Obtaining more frequent observa¬ 
tions tends to reduce the standard devia¬ 
tions of calculated regression slopes, but 
only to a limited extent, because the inher¬ 
ent fluctuations in FEV| measurements may 
actually, exceed the calculated rates of de¬ 
cline for the first few years of follow-up. 
Because the sample size needed to demon¬ 
strate significant differences between exper¬ 
imental and control groups depends not only 
on the reduction in mean decline in the ex¬ 
perimental group but on the standard devi¬ 
ations around ithis mean decline, enormous 
sample sizes would be required with less 
than three years of follow-up. 

Based on the assumption that PiZ em¬ 
physema would behave like “ordinary” 
COPD, Dr. Margaret W,u, mathematical 
statistician for the Heart, Lung; and Blood! 
Institute, calculated sample sizes (combined 
equal-sized experimental and control groups) 
needed to show significant differences (p < 
0.05} between the rates of decline of treated 
and untreated subjects. As seen in table 2, 
these depend both on the proposed dura¬ 
tion of follow-up and on the anticipated 
magnitude of the effect. It was believed that 
it would ibe unrealistic to expect more than 
a 50^0 rate of decline because this would 
give the experimental group a rate of fall 
close to that of the normal population. As 
can be seen from ithe table, 300'to 500 sub¬ 
jects would be required for a therapeutic 
trial'with a minimum follow-up of three 
years. Manyofus believe thai'enrollment of 


1 From the Division of Respiratory Sciences, 
University.of Arizona College of Medicine, Tuc¬ 
son, Arizona. 

1 Supported in part by SCOR Grant No. 
HL-I4IJ6 from the National Heart, Lung, and 
Blood Institute. 


JIT; 


V 




; j strydocu m ents. ucsf. edu/doc s/rkk-k0000 


v. 


O 

o 

-C£ 

00 

§ 






ygggjl 

g|g||| 

lp!§| 























V'S-i’- ,f " -'^i'- 1^?^,^. 

>-v '■■■*■■ • .-.■ v ■■-•'!■’- 


NATURAL HISTORY OF AIRFLOW OBSTRUCTION IN RIZ 

- -Tr*., 'x?*f!f&i,a:.}‘cic+. 

i;v"- \ * table 2 •.*:■•;:■ .- : **•'••• 


MINIMAL SAMPLE SIZES OF PiZ OlSEASE 
:TO SHOW A SIGNIFICANT DIFFERENCE 
'- V v BETWEEN 1 TREATED AND CONTROLS 
_i IF TREATED SHOWED A 40% OR 
?! 50% REDUCTION IN DECUNE . > 
IN FEV,* 


Years follow Number if 50% Number it 40% 


3 '• *"?> • -- 'V ‘■ 336 ' 1 ■■ 524 

/• - - 

5 4 ,316 -vi'f < 494 


* Assuming as much variance as In unsalected CORO. 
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this number of PiZ subjects might be diffi¬ 
cult indeed. i r 

• All of this presumes that PiZ disease Is as 
variable as ordinary emphysema. If it were 
more stereotypic in its behavior^ the num¬ 
bers might be greatly reduced. To see how 
stereotypic PiZ disease appeared to be, par¬ 
ticipants in the Workshop were asked to ex¬ 
amine retrospectively their data on the 
characteristics and courses of theirs PiZ pa¬ 
tients. In this way, a large number of anec¬ 
dotes were assembled and discussed at the 
PiZ workshop mentioned above. There was 
almost'universal agreement that a minority 
of PiZ patients had the typical uncompli¬ 


cated emphysema so often described as 
characteristic of PiZ disease. Also, there 
appeared to be wide variability in the course 
and prognosis of these patients, similar to 
that seen in “ordinary, COP D." Hbwever, it 
was felt that more complete data were needed 
before final conclusions could be reached. 
Various physicians around the country and 
in Sweden were asked to complete a stan¬ 
dardized form describing the characteristics 
and courses of their PiZ patients and sub¬ 
mit these to Dr. Margaret Wu in Bethesda. 
These data have been checked and are being 
analyzed. Hopefully, they will indicate a 
lesser variability in rate of decline than was 
suggested by a less formal look atprelimU 
nary data. - 

At the lime of this symposium; ii is diffi¬ 
cult to say whether a clinical trial of anti- 
proteases in PiZ disease is feasible or not. 
This will depend on isome of the statistical 
considerations already discussed. It will 
also depend, however, on the nature, ex¬ 
pense, and difficulty of applying any pro¬ 
posed antiprotease program. It is dear, 
however; that any trial of anti protease ther¬ 
apy will require a liuge multi-center effort 
with screening of all patients with persistent 
airflow limitation for Pi phenotype if ade¬ 
quate numbers of patients are to be assem¬ 
bled for a meaningful'Clinical triali 
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Janoff, Ph.D.; Alan Johnson. M.D.; Philip 
KimbelhM.D.; James C. Powers, Ph.D.; Richard 
C. Talamo, M.D.; Gerard M. Turino, M.D.; 
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Participants in the “Workshop on the Natural 
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1980 included: Robert C. Allen. Ph.D.; Leo F. 
Black, M.D.; Soma Buist, M.D.; Benjamin Bur¬ 
rows, ,MjD.; Bernice H. Cohen, Ph.D.; Allen B. 
Cohen, MjD., Ph.D.; Ronald Crystal. M.D.; 
Robert J. Fallat, M.D.; Morton i Galdston, 
M.D.; Philip Kimbel, M.D.; Christer Larsson, 
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The Natural History of Air-flow Obstruction in PiZ Emphysema 1 


REPORT OF AN NHLBI WORKSHOP 

Prepared by A. Sonia Buist; Benjamin Burrows, Sten Eriksson, Charles MiUman; and Margaret Wu 4 


( Introduction 

Th« association between severe alpha-1- 
antitrypsin (AAT) deficiency and pulmo¬ 
nary emphysema was first described by 
Eriksson in the early 1960s (1, 2 )j These in¬ 
itial reports created considerable interest 
and provided'the first real evidence that 
protease inhibitor factors in serum play an 
important part In maintaining the integrity 
of the lung parenchyma. A large body of 
evidence now supports the theory that 
emphysematous destruction results from an 
. imbalance between proteolysis and antipro- 
leolysis within the lung. However, little is 
know n about the natural history of patients 
with emphysema resulting from severe AAT 
deficiency. 

The data reported here were gathered by 
a group of investigators who participated in 
a workshop convened by the Division of 
Lung Diseases. National Heart, Lung and 
BlOod Institutc(NHLBI). The primary pur¬ 
pose of the workshop was to determine the 
feasibility of a clinical trial of antipro- 
teolytic replacement therapy in PiZ sub¬ 


jects, should such therapy,become available 
in the near future. In order to address this 
question, it was necessary first to collect in¬ 
formation on the natural history of airflow 
obstruction in PiZ disease. 

Retrospective data on PiZ individuals, 
which had been collected at many institu¬ 
tions in the United States, were reviewed. 
Also, comparable data were obtained for 
PiZ subjects seen in Sweden. We examined 
the natural!history of, the airflow obstruc¬ 
tion^ reflected in the rate of decline of the 
1-s forced expiratory volume (FEV,). There 
was good agreement between results in Am¬ 
erican and'Swedish subjects, giving us some 
confidence that the rates of decline of lung 
function observed may be reasonably repre¬ 
sentative of the rales of decline of function i 
that occur in the subset of PiZ individuals 
who develop frank airflow limitation. 


known to have an AAT deficiency, state. 
Sources of data included: (J) patients with 
lung disease, (2) relatives of such patients. 


Methods 

Information was provided by workshop 
members on 298 individuals living or Having 
lived in the United States and who were 


1 A report of a workshop on the natural 
history of PiZ emphysema* sponsored by the 
Lung Division of the National Heart, Lung and 
Blood Institute, National Institutes ofi Health, 
Bethesda, Maryland. The workshop met on two 
occasions, March 19-20,' 1980 and November 9, 
19811 

* Workshop members: Robert C. Allen, 
Ph.D.; Leo F. Black, M.D.; A. Sonia Buist* 
M.D.; Benjamin Burrows, M.D.; Bernice H: 
Cohen, Ph D.; Allen , B. Cohen, M.D.; Sten , 
Eriksson, M.D.; Robert J. Fallat, M.D.; Monon 
Galdston, M.D.; Stewart A. Lonky,, M.D.; 
Harold A. Menkes, M.D.; Charles Mitt man, 
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1 .v FINDINGS IN U.S. AND SWEDISH PIZ SUBJECTS WITH 

INITIAL FEV,s 

8ETWEEN 30- AND 65% OF PREOICTEO 



U.S. 

Swedlih 

Number ot subjects 

Mean age (SD), yr ,■■'* ^ V 4 ; 

if 30 -■ 4T 

45(9) 

‘ 47(8) 

Annual change in FEV,, mean (SD), l - 

0.111(0.10 2) 

, r —0.104 (0-094) 

Initial FEV, % predicted, mean (SD), % . 

41j9 (10.7) v 

, i ■ : 43.3 (9.6) 

Months oHolIbw-up,” mean (SD) . 

,62(36) ... 

•r 74(47) 

Percent males , t 

^ 50% 

63% 

Never smoker* >!V/ . ' !! . 

Ex-smokers V " ■ 7V 

v ; 3 % 

? 17% 

" u 80% 

59% 
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f IVC.f i * Number of monlh* between first end test FEV, measurement 

; ■ ,r ^J; C-?/\;• '1\V ' ] ->.*; m ..•.• 

(J) persons identified by blood bank screen¬ 
ing, and (4) subjects identified in the course 
of population studies. For each subject, all 
known pulmonary function data were pro* 
vided plus trypsin inhibitory capacity meas¬ 
urements, Pi phenotypes, age, height, and 
either date of death or dat6 last known 
alive. Initial and follow-up spirometric 
values were available on just over half of 
the subjects. After eliminating those who 
had not been shown to have a PiZ pheno¬ 
type and those with duration between the 
reported initial and last FEV, measure¬ 
ments less than 12 months, 105 subjects 
from the United States remained for the 
study. Data collected on PiZ subjects seen 
in Sweden were provided by Dr. S. Eriks¬ 
son. There were 41 Swedish patients meet¬ 
ing all the criteria mentioned above. 

For the subjects included in the study, the 
number of FEV, measurements reported 
ranged from 2 to 12 (mean of 4.1) in the 
U.S* group and from 2 to 10 (mean of 3.8) 
from the Swedish group. The duration be¬ 
tween the reported initial and last FEV,$ 
ranged from 13 to 149 months for the U.S. 
group and from 12 to 181 months for the 
Swedish group. . * • 

After preliminary analyses of the data on 
these subjects, it was decided that the most 
important group in terms of a possible ther¬ 
apeutic trial were those 30 U.S. subjects 
who, in addition to fulfilling the above 
criteria, were also less than 65 yr of age 


when first diagnosed and had an initial 
FEV, value between 3CP and 65% of pre¬ 
dicted (3), The reasons for concentrating on 
this group will be discussed below. 

Linear regression analysis was carried out 
separately for each individual to determine 
the annual rate of change in FEV,. 4 From: 
these analyses, group mean rates of decline 
were calculated and the standard deviations 
of these rates determined. Because our 
method of selecting subgroups for analysis 
could lead to some regression toward the 
mean; analyses were also carried out after 
deleting the initial FEV, levels, using only 
subjects with at least two subsequent 
follow-up studies. This analysis resulted in 
a 10% reduction in the mean rates of 
decline from those that included the initial 
data point. However, this method 1 of 
analysis did reduce the number of subjects 
available for study. Consequently, because 
regression toward the mean did not appear 
to be affecting our results significantly, 
data reported here are based on analysis us¬ 
ing all available FEV, values. 



ANNUAL'CHANGE IN FEV,. LITERS 

Fig. 1. Rale of change In 1-s forced expiratory vol¬ 
ume (F£V,) In lilters/year for 30 U.S. subjects and 
41 Swedish subjects with homozygous o,-antitryp- 
aJn deficiency, PiZ phenotype. All subjects were 
under age 65 and had an FEV, between 30- and 
65% of predicted (3). 


Results 

Preliminary analyses showed 'that there was 
a small number of healthy young adults 
who were primarily detected in population 
surveys and who had normal or near nor¬ 
mal FEV, values with very little, if any, 
decline in FEV, on follow-up. For example, 
there were 22 PiZ subjects in the U.S. group 
with an iniiiiil FEVi greater than 65% of 
predicted. This group had a mean age of 38 
± 12 years and a mean annual decline in 
FEV, of 42 ± 52 ml. It was also apparent 
that there was a high mortality but a quite 
low calculated rate of decline in subjects 
with FEV,s below 30% of predicted. The 52 
PiZ subjects in this group had a mean age 
Of 46 ± 9 years and a mean annual decline 
Of FEVnof 45 ± 8 ml. 

Quite different rates of decline were 
noted ihithe 30 U.S. subjects under age 65 
with FEV,s in the 30-65% of predicted 
range. As seen in table 1,, these subjects 
showed an annual decline in FEV, of U1 ± 
102 ml. The majority of these patients came 
to the attention of investigators as patients. 
Data on 41 Swedish subjects showed very 
similar' mean rates of decline and standard 
deviations. As also shown in tabli 1, the 
U.S. and Sw edish subjects were very similar 
in regard to other characteristics, such as 


mean percent predicted FEV, on entry, sex 
distribution; and smoking habits. The dis¬ 
tribution of rates of decline in the two series 
is shown in figure 1. Again; results are strik¬ 
ingly similar. 
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Discussion 

Participants in the workshop fully recog¬ 
nize the limitations in data accumulated in 
the manner described* There is no assur¬ 
ance that the cases assembled are in any way 
representative of all 1 PiZ subjects in the 
population. Indeed, as noted above, it is 
dear that not all persons with the PiZ 
phenotype develop overt disease. It is pos¬ 
sible that their PiZ status was discovered 
only because of some unusual characteristic 
of their disease. In many instances, it was 
discovered because they developed overt 
disease. For this reason; direct comparisons 
with series of “ordinary COPD” subjects 
may not be totally valid! However, the rates 
of decline in FEV, observed in subjects with 
clinically significant but not end stage PiZ 
disease are nearly twice the average rates of 
decline reported in “ordinary COPD” (4). 

In contrast; PiZ subjects who do not yet 
show a clinically significant degree of air¬ 
ways obstruction show much lower rates of 
decline. This may be explained in one of 
two ways. It is possible that the functional 
consequences of gradually progressive 
anatomic changes in the lungs of PiZ pa¬ 
tients become manifest only after the dis¬ 
ease is quite extensive. Functional changes 
may then progress relatively rapidly. This is 
compatible with observations of mild em¬ 
physematous changes in the lungs of PiZ 
patients dying of hepatitis at a young age 
(5). Alternatively, it is possible that not all! 
PiZ subjects develop significant’pulmonary 
disease and, unless one excludes such sub¬ 
jects, mean rates of functional decline may 
appear quite Ibw. 

At the other end of the spectrum, pa¬ 
tients with very severe initial functional 
impairment cannot demonstrate high rates 
of decline because such declines would be 
incompatible with life. Thus, the low rates 
of decline in subjects wiih'an initial FEV,s 
below 30% of predicted ore likely to repre¬ 
sent a “survivor effect.” 

From the data presented, it w ould appear 
that PiZ subjects who develop clinically sig¬ 
nificant airflow limitation go through a 
phase of their disease in which there is a 
relatively high rate of functional decline. 
This is encouraging in regard to the fea¬ 
sibility of a trial of antiprotease therapy. It 
suggests that beneficial effects of such 
therapy could be demonstrated'by showing 
a reduction in the rate of loss of function in . 
subjects properly selected for such a clinical' 
trial. 
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Studies over the past 20 years have fostered 
a dramatic improvement in our understand* 
ing of the disease mechanisms underlying 
pulmonary emphysema. It is fitting that the 
"experiment in nature” that provided the 
foundation for. the protease theory of em¬ 
physema should provide the initial opportu¬ 
nity to translate these pathogenetic insights 
into specific therapy (J); In the interim 
since the landmark observation by Laurell 
and Erickkson (2), studies performed in a 
number of laboratories Have served to dem¬ 
onstrate the relevance of serum alpha-l-an- 
titrypsin deficiency to the destruction of al¬ 
veolar structures. Most importantly, it is 
now recognized that: (i) neutrophil elastase 
is inhibited by, alpha -1 -antitrypsin (3); ( 2 ) 
experimental'destructive lung disease can be 
produced by human neutrophil elastase (4, 
5); (3) the risk of developing destructive 
lung disease is directly related to the severity 
of the alpha-l-antitrypsin serum deficiency 
(i.e., the. PiZ phenotype of alpha- 1 -anti¬ 
trypsin is the phenotype most commonly as¬ 
sociated with i premature emphysema and, 
with Tare exception, the PiZ phenotype is 
also associated with the iowest serum tevels) 
( 6 ); (*0 individuals with the PiZ form of 
alpha-Uantitrypsin deficiency are devoid of 
effective inhibitory activity against neutro¬ 
phil elastase at the level of their alveolar 
structures (7); and'(5) PiZ patients with de¬ 
structive lung disease have a chronic influx 
of neutrophils ( 8 ). Together, these observa¬ 
tions strongly support the concept that the 
lung destruction associated with alpha- 1 - 
antitrypsin i deficiency results from the un¬ 
impeded action of neutrophil elastase on 
the alveolar structures. 

- In this context, it is reasonable to pro¬ 
pose that; like other serum protein deficien¬ 
cies such as inherited hypogammagldbuiine- 
mia (9); hemophilia (10), and hereditary 
angioedema ( 11 ), alpha-l-antitrypsin defi¬ 
ciency could be corrected by parenteral 
replacement therapy. However, there are 
several formidable obstacles that must 1 be 
overcome before alpha-l-antitrypsin ther¬ 
apy becomes a reality. 


Most importantly, the expression of de¬ 
structive lung disease in alpha* l-antitrypsin 
deficiency is an insidious, progressive loss 
of lung function that culminates in respiratory 
failure over a period ranging from several 
years to a decade or more (12). This implies 
a requirement for continuous maintenance 
replacement therapy beginning early in the 
course of the disease. In contrast, the use of 
factor VIII preparations in hemophilia and 
Gl-inhibitor preparations in hereditary an¬ 
gioedema can be timed to provide control 
of readily observable expressions of disease, 
c.g., bleeding and'mucosal edema, respec¬ 
tively. Whereas long-term maintenance re¬ 
placement therapy is used for the control bf 
recurrent infections in hypogammaglobuli- 
nemio patients, this has proven feasible be¬ 
cause immunoglobulin G has a serum half- 
life of approximately 30 days in humans (9), 
In contrast, studies of the metabolism of 
alpha- bantitrypsin in man have shown that 
it possesses a half-life of only 4 to 5 days 
(13). Taken together, these data suggest 
that successful parenteral replacement ther¬ 
apy of alpha- 1 -antitrypsin deficiency would 
require large amounts of alpha-l-antitryp- 
sin given ar frequent intervals to assure con¬ 
tinuous protection of The alveolar structure 
in the deficient individual] In addition, safe 
and effective alpha-l-antitrypsin replace¬ 
ment would require a preparation of the an- 
tiprotease that would! (/) have access to the 
target organ, i.e., the lung; ( 2 ) retaini its 
bioldgic activity; (5) :be sterile and pyrogen- 
free; (4) be devoid of serum' components 
likely to produce adverse reactions when 
administered intravenously (e.g.,,aggregates 
of IgG); and; (J) offer an acceptable margin 
of safety with regard to the risk of transfix 
sion hepatitis (14). 

As a necessary concession to the stringent 
requirements imposed by the biology of al¬ 
pha- 1 -antilTypsin, we approached the prob¬ 
lem of repiacement therapy by partially pu¬ 
rifying the protein for use in replacement 
therapy by sequential polyethylene glycol i 
precipitationlof pooled normal plasma (14). 
This approach permits the recovery of ap¬ 


proximately 80®7o of the alpha-1 1 -antitrypsin 
in the 20 - to 40<ty polyethylene glycol frac¬ 
tion of the plasma. Rapid processing allows 
the preparation of an alpha-I-antitrypsin 
concentrate that is sterile and pyrogen-free 
whilt retaining its full antiprotease activity. 
The initial treatment of the pooled plasma 
witHi 20 ( v 3 polyethylene glycol results in the 
removal of aggregates ofiIgG; high molecu¬ 
lar weight kininogen, and complement 
components Cl, C4, C2, C3, and G5. In ad¬ 
dition, this form of precipitation in poly- 
ethytene glycol confers a desirable margin 
of safety with regard to the risk of transfu¬ 
sion hepatitis, because hepatitis B virus is 
removed from the alpha-l-antitrypsin frac¬ 
tion under these conditions. The final al¬ 
pha- bantrrryprin concentrate represents a 
3-fold enrichment of the antiprotease. Im¬ 
portantly, this enrichment was attained 
without resorting to large scale chromoto- 
graphic procedures with the attendant risk 
of contamination with bacterial products. 
The 20- to 40^0 concentrate is sterilized by 
microfiltration and can be stored for up to 
two weeks prior to use in intravenous re¬ 
placement therapy. 

The goals of our initial studies of paren¬ 
teral alpha-l-antitrypsin,replacement have 
been directed toward objective evidence of 
reversal of the protease-antiprotease imbal¬ 
ance within the PiZ lung; i.e.»if there is any 
promise in the specific therapy of this dis¬ 
ease, it is logical 40 hypothesize that paren¬ 
teral replacement therapy must 1 reestablish 
protease-anfiprotease balance at the level of 
the tower respiratory tract when adminis¬ 
tered at reasonable intervals. . 

In order to auaima level of the serum an¬ 
tiprotease similar to that of normal individ¬ 
uals, the patients with the PiZ phenotype 
would require nearly tenfold increase in 


1 From the Pulmonary Branch, National 
Heart, Lung,, and Blood Institute, Bethesda, 
Maryland. 

* Request s for reprints should be addressed to 
the National Institutes of Health, Building 10, 
Room 6D06, Bethesda, MD 20205. 
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their serum alpha-1-antitrypsin levels. 
However, analysis of the epidemiology of 
destructive lung disease associated with the 
inheritance of “intermediate” forms of 
alpha-l-antitrypsin levels has shown that 
level* in the range of 50% of normal (e.g., 
PiMZ phenotype) possess a minimal risk 
for the devleopment of disease (15). By con¬ 
trast, individual* with the PiSZ phenotype 
have serum alpha-1-antitrypsin levels in the 
range of 30 to 35% of normal and clearly 
have an increased risk of destructive lung 
disease. Thus, it is logical to hypothesize 
that serum alpha-1-antitrypsin values in the 
range of 35- to 50% of normal is all that is 
necessary to maintain adequate protease- 
antiprotease balance at the level of the al¬ 
veolar structures. In this context; we de¬ 
signed our replacement therapy based on 
the known extracellular distribution of 
alpha-l-antitrypsin and its catabolic rate 
(13) 1 in order to maintain serum and'lung 
levels in this theoretical protective range. 
To accomplish this, 4 g of alfcha-J-antitryp- 
sin were administered intravenously every 7 
days for 4:consccutive weeks. Documenta¬ 
tion of the biochemical i effects of the re¬ 
placement therapy was provided by analysis 
of bronchoalveolar lavage fluid obtained 
before therapy and again following the sec¬ 
ond and fourth infusion of the alpha-1-an¬ 
titrypsin concentrate. 


Results and Discussion 
Five individuals with severe ajpha-l-antri 
trypsin deficiency (PiZ phenotype; mean se¬ 
rum alpha-1-antitrypsin levels of 37 ± 4 
mg/dl) and advanced destructive lung dis¬ 
ease were enrolled in the replacement ther¬ 
apy study (14). The alpha-1-antitrypsin 
levels were increased from mean pretreat¬ 
ment values of 37 ± 4 mg/dl to 108 ± 12 
mg/dl at 2 days following the intravenous 
infusion of 4 g of alpha-1-antitrypsin. There 
were commensurate increases in serum anii- 
elastase activity. Thus, each of the study 
patients demonstrated the anticipated incre¬ 
ment in' functional and antigenic sepjm 
alpha-1-antitrypsin levels following the 
weekly infusions. 

Whereas serum alpha-1-antitrypsin levels 
fell progressively during the 7-day interval 
between infusions, the weekly infusion 
schedule maintained levels in a range at or 
above 35% of normal levels. This implies 
that serum levels of alpha-1-antitrypsin nec¬ 
essary to protect the alveolar structures can 
be maintained with this replacement schedule. 

More importantly, the use of intravenous 
alpha-1-antitrypsin administration resulted 
in a restoration of antiprotease balance at 


the level of the lung in these PiZ subjects. 
Bronchoalveolar lavage analysis prior to 
therapy demonstrated an absence of func¬ 
tional antielastase activity, in keeping with 
alpha-1-antitrypsin levels that were less 
than 5 ^g/mg albumin (normal values; 51 ± 
lOpg/mg albumin) (7* 14), In contrast, two 
days following the intravenous administra¬ 
tion of four g of alpha-1-antitrypsin, lower 
respiratory tract alpha-l-antitrypsin levels 
increased to approximately 60% of normal 
along with the appearance of an equivalent 
quantity of functional antielastase activity, 
in addition; whereas active elastase activity 
was recovered from the lower respiratory 
tract prior to the initiation of replacement 
therapy, the infusion of alpha-l-antitrypsin 
concentrate abolished the free elastase ac¬ 
tivity within the alveolar structures of these 
individuals (8). Thus, the use of bronchoal¬ 
veolar lavage to monitor the effects of re¬ 
placement therapy demonstrated that paren¬ 
teral administration of alpha-1-antitrypsin 
restored protease-antiprotease balance at 
the level of the lung in PiZ patients. These 
findings suggest that it is feasible to inter¬ 
rupt the proteolytic processes operative in 
the pathogenesis of this lung disease by 
weekly administrations of an alpha-1-anti¬ 
trypsin concentrate readily obtained from 
pooled human plasma (8, 14). 

Experience with this alpha-l-antitrypsin 
preparation also demonstrated the safety,of 
this approach to replacement therapy. 
There were no significant untoward reac¬ 
tions to the infusion of the alpha-1-amU 
trypsin concentrate. The use of carefully 
screened volunteer plasma coupled with the 
20% polyethylene glycol precipitation ap¬ 
pear to provide a desirable margin of safety 
with regard to the risk ofitransfusion hepa¬ 
titis. None of the patients in this study de¬ 
veloped clinical or biochemical evidence of 
hepatitis following the infusion of this plas¬ 
ma fraction (14). 

The next' step in the evaluation of re¬ 
placement therapy in alpha-l-antitT>psm 
deficient emphysema is the application of 
this approach to long-term idinical studies. 
Before replacement therapy can be accepted 
for routine use in this disorder, studies are 
necessary to demonstrate that the PiZ phe¬ 
notype will result in conservation of lung 
function and an improved clinical outcome 
in alpha-1 -antitrypsin deficient individuals 
Although such a study, will be fraught with 
difficulty regarding selection of patients 
and clinical end-points, it will also provide a 
unique opportunity to test directly the rele¬ 
vance of the proteolytic theory of the path¬ 
ogenesis of emphysema. 
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• .££!?*& Introduction » i '- 

In this report; I will discuss the biology and 
chemistry of alpha-1-protease inhibitor (o,PI, 
also called alpha-I-antitrypsin) in order to 
express the variables that must be consid¬ 
ered to permit its use as a therapeutic agenti 
First, the genetics of a,PI will be pre¬ 
sented as related to the problem at hand. In 
the discussion of its biology, the distribu¬ 
tion^ production, and clearance of a,PI will 
be reviewedj Clinical states with apparent 
deficiencies of o t PI will be listed, and our 
new method for isolation ofoiPIj which is 
compatible with the requirements of indus¬ 
trial-level plasma fractionation, will be dis- 
cussed. •' 

Finally, the pitfalls of employing such 
therapy will be described and alternatives 
will be briefly alluded to. 
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SUMMARY We propose that alphe-1-prolease Inhibitor ( S| PI) ten assume a major and beneficial 
role in preventing emphysema lib e,RWefIclent individuals, and may also prove of valdie in the 
treatment of adult respiratory distress syndrome (ARDS). a,PI has a single, unusual disulfide 
bond that consists of a cysteine residue In the peptide chain covalently bound to a free amino 
acid cysteine. The linkage can be broken by reductants without adversely affecting the stability * 
or the Inhibitory activities ot the protein. As ■ result ol this property, o,PI can be effectively 
separated in solution from many ol her plasma proteins by salting out the contaminants In the 
presence ot strong reductants- We have applied the technique of reductive-salting out, coupled 
with more conventional DEAE anion exchange chromatography to isolate <»,PI from Cohn Frac¬ 
tion IV-1; a relatively unused side product In the worldwide production of albumin and Immune- 
globulins. Furthermore, we have demonstrated that the product can be effectively pasteurized in 
the presence of various stabilizing additives. The necessary ingredients now exist for extensive 
clinical studies in the years ahead. ■: i . AM REV RESPIR OIS 19*3; 127:S47-SW 
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Genetic and Biologic Considerations 

Proteolytic enzyme inhibitors are of funda¬ 
mental'importance in the regulation of key 
physiologic processes, including blood clot¬ 
ting and I the dissolution of clots, blood 
pressure, hormone action, tissue remodel¬ 
ing and wound healing, the immune system, 
and various cellular'processes including dif¬ 
ferentiation, division, recognition* and 
transformation (1-6); In plasma these in¬ 
hibitors comprise about 10% of the total 
protein and include a x PI (also called alpha- 
I-antitrypsin), « 2 -macrogIobuIin, amithrom- 
bin III, ffi-antichymotrypsin, oj-plasmin in¬ 
hibitor, , Cj-inactivator, and . inter-alpha 
trypsin inhibitor. 

..... tfiPI is the most prevalent of the protease 
plasma inhibitors. It is a glycoprotein of 
moltcular weight ~ 50,000: and is also pres¬ 
ent in interstitial fluids, lymph, genitai se¬ 
cretions, tears, saliva, nasal and puimonary 
secretions, cerebrospinal' and amnlotic 
fluids, colostrum; platelets, and mega¬ 
karyocytes. a, PI is synthesized in liver 
parenchymal cells (7); It is secreted into the 
circulation in multiple forms as visualized 
by discontinuous starch gel electrophoresis 
(8) or isoelectric focusing (9), where as 
many as 8 discrete bands are seen. The gene 
locus is named'Pi (for protease inhibitor) 
and the more than 20 genetic variants are 
given letter designations Pi B, C, D. . . 
M. . .Z, etc., according to their electropho¬ 
retic mobility. These alleles are expressed in 
an autosomal 1 codominant fashion; The 
PiM allele is most common with a gene fre¬ 
quency of M).9, and individuals homozy¬ 
gous for this allele have ~L3 mg mPI/ml 
of plasma (10). 

Several lof the variant forms of a,PI are 
associated with decreased levels of circulat¬ 


ing inhibitor. These include the alleles PiZ 
and PiS, as well as the less common Pi' 
(null gene) (11), which is associated with lit¬ 
tle or no detectable product. 

The pathophysiologic significance of I6w 
circulating levels of oiPl derives from the 
strong association of pulmonary emphyse¬ 
ma with the homozygous Z allele (12), and 
this can result' from improperly regulated 
proteases released from 'inflammatory cells. 
Studies on the catabolism of PiM and PiZ 
forms of tfiPI indicate that both'proteins 
have similar half-lives, about 5 days for the 
Z-protein (13), and 6 to 7 days for the 
M-protein (13, 14). Gearance from plasma 
for both forms of a,pi is dramatically, en¬ 
hanced upon the loss of terminal sialic acid 
residues (15, 16), and this is apparently the 
result'of affinity by the newly exposed ga¬ 
lactosyl residues for a'liver membrane re¬ 
ceptor (15). Detailed investigation on a 
whole series of plasma glycopioteins indi¬ 
cates that the hepatic recognition and bind¬ 
ing ofisialic acid deficient molecules is a sig¬ 
nal for transport 1 to liver iysosomes where 
proteolytic breakdown occurs (J 7). 


an elevaiion of serum a, PI levels to > 35% 
of normal (i.c., > 70 mg/dl at all times), 
and analysis of bronchoalveolar lavage fluid 
indicated that' an effective antielastase ac¬ 
tivity was established within the alveolar 
structures. No problems were encountered 
with sterility, pyrogenicity, or hepatitis. 
Also, none of the patients showed any anti¬ 
body formation against PiM protein up to 
one year following infusion;, Finally, no 
signs of allergic reaction or volume oven- 
load were found! These results are very en¬ 
couraging, although the introduction of 
ffiPl at the low level of; purity, used by the 
authors is impractical fdr long-term treat¬ 
ment because the infusion of such a pro¬ 
tein load (22.9 g/285ml/week) required 6 to 
8 hours. 
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Feasibility of Replacement of a,PI 
Deficient Subjects 

As shown by Gadik et at , individuals who 
are homozygous for the deficiency gene Z 
have no effective antiprotease shield'in their 
lower respiratory tract (18). a 2 -macroglobu- 
Jin; a large serum i antielastase, and the 
bronchial mucus inhibitor, an antielastase 
ofthe central airways, do notprotect the al¬ 
veolar structure. In a follow-up study, a, PI 
of ~ 17.5% purity was obtained from nor¬ 
mal donors; (Pi type MM) by fractional pre¬ 
cipitations with polyethylene glycol (19), 
Five emphysematous individuals with severe 
a, PI deficiency (Pi type ZZ) received week¬ 
ly injections of 4 grams of a t PIi inlravent 
ously for 4 weeks. The treatment resulted in 


Would ff,R! be a Useful Therapeutic 
Agent in Other Diseases? 

It has been aemonsiiated that unrestrained 
proteolysis occurs in the lungs in patients 
with adult respiratory distress syndrome 
(See Cochrane *>t o/, this symposium): *n 
addition, active neutrophil I proteases have 
been demonstrated in purulent secretions of 
patients with chronic bronchitis (20); in pa¬ 
tients with pneumonia (see Cochrane et al 
and Lonky, this symposium) and ifree pro¬ 
teases Have been suggested as having a 
pathogenetic rolt in pancreatitis., Itn addi¬ 
tion;, investigators have not determined 
whether the liver diseases seen in infants 
with PiZ phenotype might be favorably af- 
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PURIFICATION OF 


''.^"{“^qsVo .table i ni h$s’6 aft 

,-PROTEASE INHIBITOR FROM COHN IV-1 BY CONVENTIONAL MEANS* 


i 


Protein 

i/ng)f 

• t -Pl i 
(mg)I 

Specifio TIC 
ifngfmg) t5 

Activity 

Recovered 

(%)* 

Rurifioalion 

Factor 

i ■ 

Cohn fraction IV4 

14,000 

1,490 

0.059 

100 

1j0 

V,, ' 

DEAE-cellulose 

2,240 

‘ 1,020 

: -0.16 _ 

■ 68.5 

3.1 

K 

QAEsephadex 

. p- ^ 

- u .i+9 ; 

\ 690 

a65 

Z:’ 46 3 . 

11.0 

\- 

Concanavalin A 

, it :, ,* : CJi S28 

P* 50 

, V ' 

,.,,43.6 

11.9 

t 

G-150 Sephadex 

...V--1^^401 

452 


'■ -e - 30^ 

14.6 




--N 
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* Taken from reference 23. ' " :*••»■■>■/* ;••’ - % • *- -■-■ -'- ' • ^ ' j- - •£ .-. 

I Determined by the method of Lowry, ef a/. (52). • ■ **•- .jj.*--... f ■ .'---. 3 *>* ! ■. . 

t Determined by radial immunodiffusion and expressed as total mgs of antigen present in the fraction, 
f Trypsin Inhibitory capacity derided by the protein concenlration of the fraction in mg/mf. .. J; . j 
I Based on the radiallmmunodiffusion assay. ._■•. , ,y. r , . . - j r . . 

1 Based on E?-)^ nm c OlSQ. • *., * '. ’ *■ .. ... 

i cm, Z 80 nm .,, . ^um.rvfk r,i v>t> ‘■: r-ia v;.-> v 

■"■- r-g*--••vjffiVo <if ?•■*/*:p' i-.» vr^ +.-•*■**. -.'K -■ • 

fcctcd by raising plasma a, PI levels to nor- * Approximately 10% of the pr< 
maL Therefore aiPI may have potential as ent in the Cohn IV-1 paste is a 
a therapeutic agent for diseases other than sayed by radialimmunodiffUsion 
emphysema. corresponds to ~ 30% of the 


Isolation of a, PI on an Industrial Scale 
ariPI has been isolated in many laboratories 
as a relatively homogenous, stable, and ac¬ 
tive product suitable for research purposes 
(21-25). In deriving a product suitable for 
large-scale clinical application, however, 
many additional considerations become im¬ 
portant including the source of starting ma¬ 
terial, the safety of each separation step 
employed; the feasibility of shifting each 
technique to large-scale processing, the re¬ 
producibility, and the cost. In addition, the 
product derived should be biologically po¬ 
tent, sterile, and safe (i.e., free of toxins, 
pyrogens, immunogens, carcinogens, tera¬ 
togens, materials affecting blood pressure, 
and hepatitis). Beginning in 1974, we un¬ 
dertook the task of trying to overcome the 
various obstacles in providing sufficient 
a, PI to the medical community for its clini¬ 
cal needs. The following is a report of our 
progress to date. 

The most common large-scale plasma 
fractionation scheme in use today through¬ 
out the world continues to be the cold etha¬ 
nol fractionation procedure of Cohn et al 
(i.e.. Method 6) (26), or modifications 
thereof (27). Ift i 1974; we received from 
Cutter Laboratories (Berkeley, CA) several 
Cohn Fractions for evaluation including II 
+ III, IV-1, and IV-4. Each was provided 
as a frozen; homogenized paste. A prelimi¬ 
nary evaluation revealed that IV-1 was most 
suitable for our purposes. This relatively 
unused byproduct is recovered during al¬ 
bumin and immunoglobulin production It 
is formed as a precipitate in the fractiona¬ 
tion process at ~ pH 5.2 and!~ 20% etha¬ 
nol, and typically contains at least the 
follbwing proteins: oiPI, albumin, antichy- 
motrypsin, antithrombin IIli u-acid glyco¬ 
protein, ceruloplasmin, transferrin, a,-lipo¬ 
protein, haptoglobin, inter-a-trypsin inhibi¬ 
tor, C)-inactivaior, aj-macroglobulin, IgG, 
and IgA. 


"Approximately 10% of the protein pres¬ 
ent in the Cohn IV-1 paste is o-, PI as as¬ 
sayed by radialimmunodiffUsion, and this 
corresponds to ~ 30% of the a,PI in 
plasma. The distribution of ff t Pl in other 
Cohn Fractions has not been■ described. 

Our original purification scheme (23) in¬ 
volved activation of the inhibitor in slightly 
basic media, and successive column chro¬ 
matographic steps on DEAE-cellulose, QAE 
Sephadex, Sepharose-bound Concanavalin 
A, and Sephadex G-150, and demonstrated 
the feasibility ofisolating a, PI by a method 
that could be directly applied to worldwide 
plasma fractionation schemes (table 1). It 
indicated in particular that most of the o-jPI 
that had been treated at pH 5 j 2 was not per¬ 
manently inactivated, although laieri work 
(unpublished) in our laboratory shows that, 
for some lots of Cohn IV-I, as much as 30% 
of the a, PI is in an aggregate form that is ir¬ 
reversibly inactivated' 

The finding that a, PI could be recovered 
in active form from low pH solutions was in 


contrast to the reports of others who claimed 
that low pH conditions would permanently 
inactivate a, PL To investigate this matter' 
in more detail, we initiated a study of the 
* low pH inactivation of ©iPli(28). Our inves¬ 
tigation indicated that active dPI could be 
stored at pH 2-4 at 4° C for variable time 
periods with eventual recovery of consider- 
^ able activity against trypsin and elastase. 

■ The inactivation by acid apparently occurs 
- by two means: - ■ - 

(/) A rapid and largely reversible conforma- 
_ ‘ tional change in the monomeric form of 
ff,PI that is accompanied by nearly com- 
' plete loss of enzyme inhibitory properties 
and a large increase in the tryptophan fluo- 
rescence emission at 335 nm (figure 1). Re- 
■ T " v incubation of protein in basic media results 
' in substantial recovery of activity within 1 h 

- and this is preceded by a time-dependent 
decrease in the fluorescence measured at 
.335 nm. Almost all iof the regenerated bio- 

s logical activity resides in the monomeric 
n fraction that regains 91 to 98% of its origi- 
r nal trypsin inhibitory capacity. 

(2) The slow formation of higher molecular 
weight aggregates of cr l PI that have little or 
y no enzyme inhibitory properties, and are 

- not readily dissociated (table 2). 

I ' Although the isolation of <?iPI from Cohn > 
i IV-1 indicaied promise, in practical terms it 
1 did not meet the necessary criteria for pro- 
i ducing a useful blood product. The use of 
e Sepharose-bound Concanavalin A is unac- 
t ceptable, as the leakage of even minute 
I amounts of Con A into the media could in¬ 
troduce the serious risk of a major antigenic 
k reaction in the recipient. In addition, al- 
, though Lhs gel filtration step is safe and re- 
b produdble, ii is not'an approach that can 
be used for purification of greater than sev¬ 
eral grains at a time, and therefore is not 
J practical. ' 

3 Concurrently, we investigated the chem- 



Fifl.i t. The Increase lii trypsin Inhibitory capacity (A, B, ,C) and corresponding decrease in the fluores¬ 
cence intensity,(D, E, ,F) as a function of time following titration of various acidic solutions to pH 8.0-8.2 
with an equal Volume of 0.66 M Tris buffer. pH 8.5. The original Solutions were as follows: A, D (0.1 M gly- 
clne/HCI, pH!3);:C, F(0.1 M gfycine/HCI, pH 2); B, E(0.1 M ammonium aoetatii, pH 4};The acid Incubalion 
period was 30 min. The recorded f Id ores oenee inlensity In each case is relative lo that of a control solu¬ 
tion prepared by dissolving *,Pi ih a pH 8 0-8.2 buffered solution consisting of one part of the appropri¬ 
ate low pH solution and one part of 0 66 M Tris HCl. pH 8 5. Both the Irypsin Inhibitory capacity (detined 
as 100*/*} and the relative fluorescence Inlensity (defined as 1.0) remained constant during the time 
course of the experiment when measured using a control »,Pt. 
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;’*- r 30 min 

48 h 

30 min 

■*8 h 

’vf'*. 0.1 M gtycine/HCI buHer, pH 2.0 

; -.98t(63rf 

,.Y 72(46} 

< 2 

<10 

; 0.1 M fllycineTHCt buffer, pH 3.0 . ; k 

; 83 (75) . 

--*• W(58) 

« <2 

rU ; ’<10 

V ; 0.1 M ammonium acetate, pH 4.0 

91 (78) 

t-" 84(36} 

t <2 

<10 


* Tafcan from reference 28c following Incubation at low pH for 30 min or 4fl resolutions were dialyzed to pH 8.0 for 24 K 
.- t % of trypsin inhibitory capacity recovered relative to control solution of «,Pt that has not undergone acid treatment 
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istry of the disulfide bond of a, PI (29). 
ttiPI has a single, unusual disulfide bond 
that consists of a cysteine containing region 
(i.e., Phe-AsmUe-Gln-His-Cys-Lys) within 
the polypeptide chain which is covalently 
linked to free cysteine or glutathione via a 
disulfide bridge. When this distil fid t bridge 
was broken by reduction and then alkylated 
with iodoaoetamid^, the resultant product 
was found to be fully functional as an in¬ 
hibitor of trypsin and elastase in esterolytic 
and proteolytic assays. The modified pro¬ 
tein was also found to be identical to native 
<rjPI when analyzed by immunologic, elec¬ 
trophoretic, and spectral methods. 

These findings concerning the disulfide 


with a strong reductant (e.g,, dithiothreitol, 
DTT). The disulfide bridge in a, PI should 
be reduced along with large numbers of di¬ 
sulfide bonds in many of the other proteins 
m the media. Because it is well known that 
S-S bridges helb to stabilize proteins in so¬ 
lution, many if not most of the undesired 
proteins should be destabilized by this re¬ 
el uctive treatment and made more amenable 
to precipitation [t.g.. in (NHJjSQ* or 
polyethylene glycol]: We had earlier deter¬ 
mined that we couldi effectively remove 
~ 70% of the contaminating protein with a 
recovery of70 to 75% of o,Pl by salting out 
the reactivated Cohn IV7 mixture in>50% 
(NHj)iS0 4 .,We used this condition to test 


bond of a,PI prompted us to explore a new the effect of treatment of the Cohn IV-1 


approach to the purification. We treated a 
mixture of plasma proteins containing o } FJ 


media with various concentrations of DTT 
at 25° C for 24 h before salting out at 4° C 


with (NH,) 2 SC>4, stirring overnight and cen¬ 
trifuging. In addition, in some experiments, 
we preincubated the media with 2;5% by 
weight of Aerosil 380 (Degussa, Inc., Teter- 
boro, NJ), a fumed silica product that se¬ 
lectively adsorbs several plasma proteins 
including a- and /3-lipoproteins and plas¬ 
minogen (30, 31). 

The reductive salting out technique is 
highly effective at concentrations of 0.025 
M DTT or higher and the addition of Aero¬ 
sil to the media gives an additional purifica¬ 
tion, as illustrated in figure 2. Centrifuga¬ 
tion of the Aerosil-DTTtNROiSCVtreated' 
Cohn IV-1 1 solution effectively removes 
~ 95% of the overall protein from the me¬ 
dia (figure 2B), giving a purification factor 
of nearly 14 compared with ~ 8 for product 
obtained after treatment with DTT and 
(NH.);S0 4 but no Aerosil, and only 3 for 
product obtained by conventional salting 
out (^ 50% (NROiSOO (figure 2A). AP 
bumin, which is present in ~ 15% in the 
Cohn IV-1 media, is completely removed by 
the reductive treatment with or without 
Aerosil I (figure 2C). Approximately 70 to 
75% of the aiPI was recovered from the 
treatment in i all cases (figure 2D); Similar 
matrices were conducted to optimize pH; 
temperature, and incubation time of the re¬ 
ducing step (data not'showm). Neither cys¬ 
teine nor mercaptoethanoi at concentra¬ 
tions as high as 1.0 M could approximate 
the resims found with DTT, indicating the 
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Ftfl.i2. Piirificailon profile of »,Pl from Cohn IV-1 as a function of dithiothreitol concentration, A. Purification factor; 8. Percent total prolein recovery; C. Per¬ 
cent albumin recovery; D. Percent «,Pi recovery measured by TIC. > 
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special importance of this reducing agent 
that results from its ability to form a stable 
5-mcmbered ring on oxidation^ shifting the 
equilibrium toward a reduced product. 

*. When we had determined the proper con¬ 
ditions, Cohn 1V-1 paste was activated, 
treated with Aerosil and DTT, and salted 
0uUjwiii<NH4frSO^kXOfding-to-the fol¬ 
lowing, scheme (32): ':r*, r/n.ri~^v ' 77 


50 g ofCohn IV-1 (15 g protein. 1 g active 
<r,PI) dissolved in 0.5 L of 0.1 M Tris- 
HC1, pH 8.5, 24 h, 4* C. : > 

2.5% dry Aerosil (final concentration), 
followed by 0.025 M DTT, stir for 24 h 
at 25° C. . -V7/. 

50% saturated (NH^SO*, final concen¬ 
tration, stir 16 h at 4* C. - - r• 
Spin (5,000 x g, 30 min), wash, spin, 
concentrate to 300 ml by ultrafiltration 
(10,000 M.W. cut off). 

Dialyze against 4L 0.01 M cysteine, 0.01 i 
M phosphate (pH 7.6) at 25° C, then 
phosphate buffer alone. 


The dialysate was then loaded onto a 
DEAE-cellulose column equilibrated with 
lOmM sodium phosphate (pH 7.6) to a con¬ 
centration of 40-75 mg protein/mi of resin. 
The coHirnn was washed with equilibrating 
buffer until the OD 2 io nm approached zero, 
and then PI was clbted with a gradient of 
10 mM phosphate (pH 7.6) to 10 mM phos¬ 
phate (pH 6 j 0), 0.1 M NaCI. Fractions hav¬ 
ing a specific activity of > 0.90 mg/mg were 
pooled, dialyzed against 10 mM NELHCOj, 
and lyophilized (figure 3). 

As indicated in table 3, the procedure 
yields a flighty purified product with 40 to 
45% recovery. Analysis of the final product 
using radial immunodiffusion against a large 
number of specific antibodies to plasma 
proteins reveals only anti thrombin 111 as an 
impu rity ht y.tial 

ments, a specific elastase inhibiting activity 


of ~ 99% is found, compared with a stan¬ 
dard a, PI preparation (MM type). 

Figure 4 shows an SDS-polyaorylamide 
'gel electrophoresis pattern of Cohn IV-1 
(4B) and of several partially purified frac¬ 
tions derived from salting-out (with and 
without Aerosil and/or DTT [4C, 4E, and 
4FJ, and following DEAE-cellulose chro¬ 
matography [4GJ. The product obtained by 
Aerosil-DTT-(NH 4 )iSO< treatment (4E) 
compared with conventional salting out (no 
Aerosil, no DTT) (4C), or to salting out in 
the presence of Aerosil (4D), indicates the 
effectiveness of DTT in the isolation scheme. 
The ability of the Aerosil to remove most of 
the lower molecular weight impurities is 
seen in 4E (with Aerosil) versus 4F (without 
Aerosil), and is important as these bands 
are sometimes associated with blood-pres- 
stire regulating substances. Aerosil effec¬ 
tively removes all lipoprotein at the reduc¬ 
tive-salt ing-out step and additionally im¬ 
proves the removal of ceruldplasmin and 
transferrin, as shown by radialimmunodif- 
fusion. The final product (4G), obtained 
following the DEAE-chromatography, ap¬ 
pears homogeneous and migrates with the 
same mobility as a control sample of 
M-protein purified from plasma by conven¬ 
tional means (4H). 

To evaluate whether cysteine dialysis re¬ 
sults in the reforming of the a,PI disulfide 
bridge in the final product, the extent of in¬ 
corporation of ,4 C-containing iodoaceta- 
mide was measured for both reduced and 
nonreduced protein, and the results also 
were compared wiihioiPI purified directly 
from PiM plasma by conventional means 
(i.e., without reductive-salting out)j The re¬ 
duced Cohn IV-1 derived product showed 
the incorporation of 0,80 mole label/mole 
protein, whereas that of the reduced M-pro- 
tein was 0.92 mole/mole. In the absence ofi 
rediictant, the Cohn product showed 0.06 
mole/mole incorporation whereas the M- 


protein showed 0.02 mole/mole. These re¬ 
sults indicate that the <*|PI derived by the 
reductive-salting out method has a pro¬ 
tected thiol function (i.e., nonreactive in 
the absence of reductants), presumably in 
the form of disulfide bond with cysteine, 
since little or no dimer or aggregate is seen. 

Phenotyping of the product gave a pat* 
tern indistinguishable from the Pi-type M 
product. This is not a surprising result for a 
pooled plasma pattern because of the high' 
gene frequency of the M-protein. 

The LD 5 o in mice and the blood pressure 
effects in anesthetized rats were used to 
compare oiPI prepared in Cutter Laborato¬ 
ries by a procedure similar to our own to 
«iPI purified by more conventional proce¬ 
dures, The LDso indicated a low toxicity. In 
rats the more pure a,PI preparations (both 
DTT-treated and conventional) were non- 
hypertensive and the functional elastase 
inhibitor! capacity and antigenic half-lives 
of all preparations were similar (D. Schroe- 
der. Cutter Laboratories, private communi¬ 
cation). 

The reductive-salting out is applicable to 
other fluids and this is illustrated in table 4 
for diluted human plasma. A purification 
factor of ~ II was achieved in the presence 
of reductant whereas no purification was 
found in its absence (no Aerosil was used In 
these experiments). 

For long-term treatment of o, PI-deficient 
individuals, a major limitation to the use of 
this inhibitor, or any other plasma product' 
isolated from large numbers of human do¬ 
nors, is the high risk of contamination by 
hepatitis vims. To minimize this risk, we 
have developed a pasteurization procedure 
in collaboration with Drs. Ken Ingham and 
Tom Busby at the American Red Cross La¬ 
boratories, Bethesda* MD. A series of ther¬ 
mal denaruraiion profiles of oiPI was ob¬ 
tained using various stabilizing molecules 
(Glaser, Ingham, unpublished observations). 
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Flfl.i3 Veit). Chromatography of «,PI oblained from purification step with Aerosil-DTT-(NH,hSO, on DEAE-cellulose. The column (13 x 1.5 cm) was equilibrated 
with 0.01 M sodium phosphate (gH 7.6), After application of the sample, the column was washed with equilibration buffer and a linear gradient loO 01 M sodium 
phosphate + 0.1 M NaCI, pH 6 . 0 , was initiated at traction 118 (500 ml total!- Fig. 4 {right): Gel slab electrophoresis of samples from successive steps in the 
purification of «,PI Ifom Cohn IV-1. A. M.W. standards (Pharmacia); B. Cohn IV 1(40 M g);C- Supernatant after 50% {MH 4 ),SO, precipilalion (30^g); D. Supernatant 
liter 50% (NHASO, and 12.5% Aerosil (30 *g);i E. as in D. plus 25mM DTT'(30 ^g): F. 50% (NFU,SO, and 25 mM DTT (30 h0); G. «,PI from Cohn iv-| after DEAE 
celliliJose chromatography (20+«g); ;H. a,pl (Pi type MM) Isolated from human serum by conventional methods (20 ^).i 
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3 PURIFICATION 1 OF .,-PROTEASE INHIBITOR BY THE REDUCTIVE-SALTING OUT METHOD" 
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The increase in 1,8-anilinonaphthalene suL 
fonate (ANS) binding as a consequence of 
denaturation was used to monitor each ex¬ 
periment (33). .... • - '■*=' - t *i 

Solvolytic conditions that resulted in sub¬ 
stantial shifts to higher temperatures in the 
ANS binding curves, especially where the 
onset' of denaturation was above 60° C, 
were considered for further evaluation. 
Under selected solvolytic conditions, ojPI 
was heated for 10 hours at 60° C and its ac¬ 
tivity was measured. Pasteurization in the 
presence of combinations of citrate (1.2M) 
and either EDTA (0.5 M) or gluconate 
(1.2 M) results in a product that is 90 to 
95% active against trypsin and elastase. Ag- 
, gregation accounts for some, but not all, of 
the activity loss. Loss of activity is not af- 
; fected by protein concentration. Reductant 
; or free radical scavengers in the media (mer- 
V captoethanol, ascorbic acid, 2,6-di-tertbu4 
tyl-4-methylphenol![BHT]) do not increase 
; the yield of active product. 

{ In conclusion, our work has shown that 
1 «»PI can be obtained as a blood product by 
i means that are inexpensive, simple, safe, 
i and reproducible, and which give a relative¬ 
ly pure product' ( > 90%) in high yield by 
j procedures that are applicable to large scale 
i industrial processing. Although we carried 
out the DEAE-cellulose separation via col¬ 
umn chromatography, batch-mode process¬ 
ing should certainly be achievable aiihough 
1 some loss of purity would be expected. In 
addition, we have developed a pasteuriza- 
‘ lion protocol that resultsin the preservation 


of 90 to 95 % of a , PI activity following heat 
treatment at 60® C for 10 hours. , _ 

Potential Hazards of a, PI 
v Replacement Therapy 

Because the consequences of a severe defi¬ 
ciency of a,PI are pulmonary emphysema 
in ~ 80% of the affected individuals, then a 
strong logic exists for prevention of this dis¬ 
order with a! PI replacement therapy. In 
this regard] it is appropriate to compare the 
structure of the M protein to its Z variant. 

An amino acid substitution of glutamic 
acid in the normal protein to lysine in the 
variant protein was found by peptide fin* 
gerprinting (34, 35). A second substitution 
of glijtamic acid to glutamine also was re¬ 
ported by one of the groups (35). In addi¬ 
tion, the Z protein may contain less carbo¬ 
hydrate than the M protein. In one study, a 
possible sugar difference was found for 
residues of sialic acid, the terminal sugar in 
most plasma glycoproteins (36), and in 
other reports the Z protein also was found 
to be deficient in glucosamine and the neu¬ 
tral sugars mannose and galactose, as well 
as sialic acid (37, 38 )j In experiments from 
this laboratory involving successive treat¬ 
ment with neuraminidase and galactose oxi¬ 
dase, followed by reduction with tritium-la¬ 
beled sodium iborohydride and isolation of 
the neutral sugar fraction, it was shown that 
the Z protein has a diminished content of 
both galactose and sialic acid relative to the 
M fornij and additional experiments indi¬ 
cate that neither protein contains terminal 


TABLE 4 

THE PARTIAL PURIFICATION OF -PROTEASE INHIBITOR i FROM, PLASMA 
BY REDUCTIVE-SALTING OUT* 


0.1 M 
dithlo 
threitol 

Dilution 

Proteint 

% Recovery 
{Protein); 

•/» Recovery 

Of a, Pit 

Purifi 1 - 

cation 

Factor 

Initial 

Final 

+ 

. 2-lOId 

5010 

462 

9 

61 

6.66 

+ 

4-fold 

2505 

17.9 

7 

68 

9.60 


6-fold i 

167.0 

10 6 

63 

72 

11.40 

- 

2-foid; 

5010 

307.8 

61.0 

65 

1.07 

- 

4-fold 

250 5 

161.0 

64.0 

78 

1.22 

- 

6-fold 

167 

121.6 

73.0 

81 

1.12 


* Taken from reference 32. 
t Determined by LOwry. 
t Determined by litypsm inhibitory capacity. 


galactosyl residues (15). The question of 
carbohydrate differences is still unresolved, 
however, because a recent'investigation re¬ 
vealed no carbohydrate differences between 
the two forms (39). 

The two proteins were compared by cir¬ 
cular dichroism'spectroscopy and by fluo¬ 
rescence quenching experiments using ani- 
pnic (I') and neutral (i.e., acrylamide) probes 
(40). Both proteins share a similar second¬ 
ary structure, i.e.„ ~ 45 to 50% a-helix and 
15 to 20% jj-structlire. Evidence was accu- 
1 mulated to show that the microenvironment' 
in the vicinity of the 3 tr>ptophany! residues 
is altered in Z form compared with the M ; 
form as shown by (a) the absence of the 
positive dichroic band in the 290 to 300 nm' 
region of the circular dichroism .spectra, (6) i 
a> 50 % increase in quantum yield in the 
tryptophanyl fluorescence emission spectra, 

' (c) an increased accessibility of tryptophan 
to quenching by iodide, and (d) acrylamide 
quenching experiments which indicate that 
all tryptophanyl residues in the Z protein 
are quenched equally or that quenching is 
dominated by a single residue, whereas in 
the M protein, heterogeneous quenching 
occurs. 

As discussed by Boyer et al (41), individ¬ 
uals with mutant genes that result in ithe ab¬ 
sence of production of a particular protein 
are especially likely to be immunologioally 
intolerant of such a protein. ,Thus, in terms 
of protein replacement, the presence of 
small levels of the protein native to the re¬ 
cipient is distinctly better, than none. We 
can distinguish between cross-reactive nega¬ 
tive (CRM-) mutants (i.e., those individ¬ 
uals with no recognizable version of a par¬ 
ticular protein) and cross-reactive positive 
(CRM-f) mutants at the same locus. Be¬ 
cause most CRM + mutants (PiM vs. PiZ) 
involve only one amino acid residue substi¬ 
tution out of hundreds, the risk of immuno¬ 
logic recognition of the altered sequence or 
of any consequent local conformational 
changes imposed by the sequence variation 
should, in general, be much less severe than 
in CRM^- individuals. Ih CRM- individi 
uals, all peptide regions and conformation¬ 
al arrays are potential antigenic sites. Also* 
it should be pointed out that some CRM- 
mutations may turn out to be CRM + using 
more sensitive means of detection. Just 
such a finding appears likely for at'least 
some cases attributed to the Pi-null gene, 
where an electrophoretic pattern identical 
to that of very dilute PiM serum could be 
produced by radioautography (42). Thus 
far, limited experience with it he repeated in¬ 
fusion of M protein into Z recipients gives 
no indication that the M protein contains 
any novel antigenic sites compared with the 
Z-variant. It should be noted that a possible 
antigenic reaction is a legitimate concern 
for long-term replacement'therapy in o,Pl- 
deficiem individuals, but it is not an impor- 
tantiissue for potential treatment of ARDS. 

Of course, many questions remain con¬ 
cerning the use of o,PI in replacement thcr- 
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apy. These Include the conditions of stor¬ 
age, the concentration of protein, the degree 
of purity, the pH, and the infusion rate. 
One must carefully monitor blood pressure 
effects that could be introduced by minor 
contaminants from the kallikrein-kininsys- 
tem (43, 44). One also must consider the 
possibility that any aggregates formed on 
storage or heating of the protein will intro¬ 
duce new antigenic determinants in the sys¬ 
tem as have been reported for albumin (43, 
45) and immunoglobulin (44). In the studies 
of Gadefc et at (18), the concentration of 
total protein employed was ~ 8.0 g/ 1 00 ml 
and the osmolarity of the preparation was 
450 mosmol/l. If an individual required 4.0 g 
of o-iPI/ week and the preparation used was 
80% pure and introduced at a comparable 
concentration, intravenous injection would 
need to be 60 to 65 ml. Other routes of de¬ 
livery such as albumin beads (46) or aerosol 
need to be considered but would appear to 
be incapable of providing sufficient concen¬ 
trations of the protein to the lower tract of 
the lung. 


Practical Considerations and 
Possible Alternatives 
It is likely that replacement therapy with 
tfiPI would stop the progression of lung 
disease in nonsmoking individuals with 
aiPI deficiency. Such a conclusion was 
reached by a National Institutes of Health i 
Working Group for the evaluation of elas- 
tase inhibitor replacement therapy in pul¬ 
monary emphysema held in 1978 in Bethes- 
da, MD (47). The PiM-allele is by far the 
most common^ followed by PiS and PiZ 
(48). At'the present time, most of the se¬ 
verely deficient individuals in the U.S. have 
not been iidentified. Mass screening can be 
achieved, however, and in Sweden all'new- 
bom infants are tested routinely (49). In 
order to assay, large populations, a prelimi¬ 
nary measurement of ai PI levels by radial- 
immunodiffusion should provide an effec¬ 
tive cutoff point. Individuals with perhaps 
40% or less of the normal levels could then 
be phenotyped. 

Early detection of a deficiency state 
could provide a powerful motivation to in¬ 
dividuals to avoid Itmg irritants including 
smoking, working inindustrial jobs where 
there are irritating fumes, dust, smoke, and 
proteolytic aerosols (e g., enzyme soaps), 
and to seek early treatment for respiratory 
tract infections. Long-term a-iPI therapy 
could be commenced in i deficient individ¬ 
uals during early stages of lung dysfunc¬ 
tion. This might be detected by pulmonary 
function tests including spirometry and the 
pulmonary diffusing capacity for carbon 
monoxide (single breath (DLco) or by 
chemical tests suchias the radioimmunoas¬ 
say of elastin degradation products, as de¬ 
scribed in this symposium by Dr. Utabcrto 
Kucich. 

v Estimates of the number of individuals 
seriously deficient (i.e. t < 40% of normal 
leveli) in o, PI vary. A conservative estimate 


of 1 in 2,000 to 3,000 individuals in the 
United States would indicate that perhaps 
100,000 to 150,000 individuals are eventual 
candidates for o,PH therapy. If perhaps 
50% of these individual could be identi¬ 
fied, and if early signs of King dysfunction 
are the criteria for replacement therapy, 
perhaps 25,000 individuals would be poten¬ 
tial recipients. In the United States, approx¬ 
imately 3 million liters of plasma yielding 4 
million grams of a, PI are collected yearly 
(50). With eventual recovery of 40% of this 
protein from Cohn 1V-1 and other plasma 
fractions, 1.6 million g/year or 32^000 g/ 
week would be available. Because ~ 4 g/ 
week are needed per ZZ homozygote to 
maintain adequate inhibitor levels at all 
times, a significant fraction of the needs of 
Ihe community could be met if all a, PI were 
used for this purpose. 

Of course, the presentation of Dr. Coch¬ 
rane in the symposium points out the excit¬ 
ing possibility that a,PI might prove benefi¬ 
cial in controlling ARDS and, if this proves 
correct, significant supplies of a, PI'would 
be needed for this purpose. At some point it 
may become feasible to enhance the sup¬ 
plies of ff|PI through recombinant DNA 
techniques, and considerable progress has 
been made in the cloning oft a { PI (51). The 
large quantities of protein needed/patient 
as compared with other current projects un¬ 
der way in thati industry, however (e.g., 
growth hormone, insulin, interferon), would 
suggest an: unfavorable cost factor com¬ 
pared with the facile isolation of aiPI from 
plasma fractions. In addition, and perhaps 
even more important; <*> PI is a glycoprotein 
containing ~ 13% carbohydrate in 3 com¬ 
plex carbohydrate chains. a t PI produced 
by recombinant techniques using bacteria 
or yeast will i be either devoid of carbohy¬ 
drate, or would have modified sugar side 
chains compared with the normal circula¬ 
tory inhibitor, and such i a,PI derivatives 
would need to be evaluated extensively with 
regard to solubility, activity, clearance 
rates , antigenicity, etc., prior to clinical use. 
If these problems can be overcome, how¬ 
ever; the reductive-salting out approach to 
purification should be applicable to an a,PI 
product obtained 1 by genetic engineering 
technology. 

Although emphysema in smokers and 
others exposed to environmental hazards 
also appears to result from an overwhelm¬ 
ing of the antiprotease shield in the lung, 
the limits of availability, of FI probably 
would place these individuals in a very 16w 
priority to receive the drug since other more 
effective means of intervention (e.g., cessa¬ 
tion ,ofi smoking)'are possible. The eventual 
introduction of low M.W. synthetic elastase 
inhibitors might also aid these individuals 
provided highly specific drugs can be devel¬ 
oped that are effective, nontoxic, and lOng- 
lasting. This subject is addressed by Dr. 
James Powers in this symposium. 

In conclusion, scientific studies from 
many laboratories suggest the likelihood 
that oi PI can assume a major and beneficial 
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role in preventing emphysema in aiPI+defi- 
cient individuals and may also prove of value 
in the treatment of ARDS. The industrial 
production of an active and safe tr, PI prod¬ 
uct is now achievable, and extensive clinical 
trials are warranted in the years ahead. 
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Introduction 








Human leukocyte (HL) elastase is sus^ 
pected by many investigators to be the pri¬ 
mary destructive agent in pulmonary em¬ 
physema. Other tissue proteases such as 
cathepsin G (I), the serine proteases from 
mast cells (2), and macrophage metallo-elas- 
tase may contribute to the damage. Indeed, 
cathepsin G appears to act synergistically 
with HL elastase and aids slightly in the sol¬ 
ubilization of elistin ([3] and unpublished 
observations). However, these other en¬ 
zymes must be given minor roles at best be¬ 
cause their natural serum inhibitors (»i-an- 
tichymotrypsin for cathepsin i G and the 
mast cell chymotrypsin-like enzymes, and a 2 - 
macroglobulin for the macrophage elastase) 
appear to be unaffected in individuals with 
emphysema. ... .su • ;v . . 

*' a,-Protease Inhibitor 

The reactive site of a, -PI has an Aia-Ile-Pro* 
Mel*Ser-lle-Pro-Pro sequence (4). The mech¬ 
anism by which a, -PI inhibits elastase and 
other serine proteases is not yet known, but 
it certainly involves interaction of the reac¬ 
tive site amino acids of Oi-PI with the active 
site of the protease. It is possible that the 
active site serine of elastase reacts covalent¬ 
ly with the Met-Ser bond of a,-PI to form a 
. tetrahedral complex, an acyl enzyme, or 
simply interacts withino covalent bond for¬ 
mation, but this has not been definitely es¬ 
tablished. When complexes of proteases 
and a, -PI are dissociated at high pH or by 
using nucleophiles (5); the Met-Ser bond in¬ 
dicated by an asterisk in the above sequence 
is cleaved. 

We have synthesized a number of linear 
peptides with the amino acid sequence at 
the a, -PI ireactive site and shown them to be 
perfectly adequate substrates for HL elas¬ 
tase (6), The octapeptide Ac-Ala-Ile-Pro- 
Met-Ser-Ile-Pro-Pro-NHj is not an (inhibitor 
of elastase but is an excellent'substrate and 
Is hydrolyzed an the Met-Ser bond with 

a Km = 1.6 mM andlWKM = 10,000 

- M^s'L Oxidation of the Met in the octa- 
* peptide to methionine sulfoxide in Ac-Ala- 
.* Ile-Pro-Met(0)-Serrl!e-Pro-Pro-NHi resulsed 
, in a twofold increase in Km(K : m = 3.6 m.M) 
; and a 370-fold i decrease in kcai/Kvi = 27 
< NT's' 1 at pH 7.5. Similar results have been 
Vobtained with other Mel-containing peptides 

( 7 ), 

■ v . Therapy 

Several approaches to treatment of em¬ 
physema can be envisioned. These include 
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SUMMARY Human polymorphonuclear leukocyte elastase Is the enzyme primarily responsible 
for the destruction of lung tissue observed In pulmonary emphysema. A numbero! potent reversi¬ 
ble and irreversible inhibitors have been developed for human leukocyte elastase. Several iof 
these inhibitors have been shown to be effective at preventing emphysema in animal models of 
the disease. There are excellent prospects for the development of a synthetic elastase inhibitor 


lor use in treatment of human disease. 
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(7) use of a,-PI, (2) use of other natural 
high molecular weight protease inhibitors 
from either plant or animal sources, (i) use 
of antioxidants to protect the cr ir PL of 
smokers (the role of oxidative processes in 
inactivating a,-PI is discussed elsewhere in 
this symposium); and (4) use ofi low 
molecular weight elastase inhibitors. The 
use of cr,-PI in replacement therapy for PiZ 
patients has been reported (8) and is dis- 
. cussed in other reviews in this symposium. 

. A number of other protease inhibitors that 
- have been shown to inhibit' HL elastase (9) 
also are candidates for this tyj>e of therapy. 
The disadvantage of these methods is the 
lack of oral activity of the protein protease 
inhibitors thatare unlikely,to survive and be 
absorbed from the digestive system. In ad¬ 
dition; it probably will be difficult to obtain 
sufficient supplies of tfi r PIto treat the re¬ 
quired number of patients with emphyse¬ 
ma. The use of antioxidants to protect 
smokers appears to be a viable option, but 
has not been widely studied. 

Low molecular weight elastase inhibitors 
have a number of advantages: (/) they 
could be obtained in sufficient qualifies 
either by chemical synthesis on fermenta¬ 
tion, (2) synthetic inhibitors could be ra¬ 
tionally designed, (5) they would be non-an- 
tigenic, (4) they could be used orally or in 
aerosols, and (5) they would be readily ab¬ 
sorbed and transported to the site of action. 
On the other hand; each new structure would 
require extensive toxicity testing in animals 
before approval could be obtained from the 
FDA. 

Synthetic elastase inhibitors can be de¬ 
signed to bind either reversibly or irreversi¬ 
bly to elastase. Irreversible inhibitors have 
the advantage that elastase usually cannot' 
become reactivated once the inhibition re¬ 
action takes place. Reversible inhibitors in 
contrast always must be present in suffn 
cient concentration, and las the inhibitor is 
degraded or excreted; the elastase would re¬ 
gain its activity. A disadvantage of irrever¬ 
sible inhibitors is their possible increased 
toxicity due to reaction with other proteins 
in the physiologic medium. Irreversible in¬ 
hibitors often contain reactive functional 
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groups that can react with many side-chain 
functional groups of proteins. 

It is conceivable that an elastase inhibitor 
could be targeted only for extracellular en¬ 
zyme. This could be done by making altera¬ 
tions in the inhibitor structure that prevent' 
or slow membrane transport: Such an in* 
hibitor would be ideal for treating emphyse¬ 
ma because HL elastase is only destructive 
,outside of leukocytes. A targeted'elastase 
inhibitor would prevent the deleterious ef¬ 
fects of elastase although mot altering its 
normal physiologic function. 

Human Leukocyte Elastase 
The elastase found in the granule fraction' 
of human polymorphonuclear leukocytes is 
a typical serine protease belonging to the 
same family as more widely studied enzymes 
such as trypsin, chymotrypsin, and porcine 
pancreatic eiastase. At^present only small 
pans of the HL elastase sequence have been 
determined (80) anu no X-ray crystallo¬ 
graphic studies have been undertaken. Thus 
classification of HL elastase as a serine pro¬ 
tease has been extremely valuable in terms 
of rational inhibitor design. Within a family 
of proteases, the catalytic residues in »he ac¬ 
tive site of each member of the family are 
likely to be identical or very,similar in struc¬ 
ture and geometry. X-ray crystallographic 
studies on several serine proteases has 
shown this to be true even where the in¬ 
dividual proteases such as chymotrypsin 
and subtilisin have evolved from differenti 
precursors. Thus it' is possible to derive a 
fairly complete working model of the cata4 
lytic-site of HL elastase from studies that 
have been carried out with better known 
members of the serine protease family such i 
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. ; Fig-3. A schematic drawing of the 
-*:*' -J \.reaction of a valine chloromethyl 


-S* A. ^S/—s„* ketone with the active site of HL [ — 

' '.vi^-fy. ■__ elastase. The enzyme is alkylated at 'V 

~1 f ~CH CH 1! r ■ • ^, f 7“ l the imidazole ring of the active site I 

• ,V / * Ser 7 ^ ♦.. histidine residue. In addition, the RCO_NM a 

^ . CH n-w V> w ^ ^ 7 * erine 0H adds ,0 the carbonyl 

^y.’ 1 ' ! '' * ; j “ '•■ . group of the inhibitor. cww« 

RCO- NH- : CH-C-NH-R , - 1 *V 

r .-«ij lt .?.JlT ; ,Tw4^i- ; >rL < S •- . . .... • ■ - ... a - '• • • " 

. *'>&&&&{* O v;i ;?A?* bond. These subsites contribute to the bind- 

.r *51 ,:jr;^ctrr :*>.?/j .-.^u - M .-.* .;.;. ing of extended peptide substrates or inhibi- 

t\ .tui. Substrate ,<*; ri :?:$■: -.,u ■ tors. The extended substrate binding site of 


Rg. 1. A schematic ditawing of the binding of a 
valine peptide substrate to the active site of HL 
•lastase. The serine and hiistidine are 2 of the 
' catalytic residues and the S, pocket is the primary 
substrate recognition site of the enzyme. S n -S, 
and S,'-S n ' are subsites that recognize other 
amino acid residues m an extended peptide sub- 

**”**7 a « xiifr^wr*>*fiJ-rpw. hJ .. - i. .v.. 
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as bovine trypsin and chymotrypsin. This 
has allowed us and other investigators to di¬ 
rect inhibitors against specific functional 
groups in elastase’s active site before suffi¬ 
cient enzyme or time was available to prove 
that those functional groups are present. 

The substrate specificity of elastase is a 
poof predictor of the nature of its active 
site. Elastolytic enzymes are known that be¬ 
long to at kast 2 of the 4 protease families. 
These include serine proteases such as HL 
andiporcine pancreatic elastase, andmetal- 
loproteases such as macrophage elastase 
■ and the elastase from Pseudomonas aerugi¬ 
nosa. In addition, enzymes such as thermo- 
lysin that are not usually considered elas- 
tases have high elastolytic activity. Indeed, 
classification on an elastase is not even in¬ 
formative in regard to the bonds cleaved in 
elastin because HL elastase and P. aerugi- 
~ nosa elastase have quite different substrate 
specificities. - .noy f 
y A schematic representation of the active 
site of HL elastase is shown in figure 1i Based 
on crystallographic studies with other serine 
proteases (II), the catalytic residues are 
composed of a triad of amino acid residues, 
serine, histidine, and aspartic acid (not 
shown), that actually perform the peptide 
bond hydrolysis. In addition to the catalytic 
1 residues, the active site is composed of an 
extended substrate binding site that consists 
of a primary substrate binding site Si and 
various subsites on either side of the scissile 


-NH-CHtCO- -nh-oh-cq- 

-. i i 

< <CH.). ’ - ' ■- •: <CM.>, 

fr A t° : + i 

II . JL . II (CH,), 

NH (CH,), NH i 

II II I 

,! ... -nh4h-co- —nh-ch-co- 

Fig-2- Structure of 2 common claslin cross-linking i 
residues, desmosine and dehydrolysinonorleu 
Cine. Isodesmosine is an isomer of desmosine 
where the substituents are attached to the 1, 2, ,3,, 
and 5 positions of the pyridinium ring. 


HL has been shown to encompass at least 7 
or 8 amino acid residues and has an equal 
number of subsites (6). The primary sub¬ 
strate binding site S, of HL elastase prefers 
to bind with substrates or: inhibitors con¬ 
taining valine residues (12, 13). Porcine 
pancreatic elastase has a much smaller bind¬ 
ing site and prefers al&nine residues rather 
than valine. , f r • 

HL elastase effectively cleaves elastin, the 
flexible, highly cross-linked protein that is 
found in high quantities in mammalian lung 
and arteries. The chemical structure of elas¬ 
tin is not yet known, but fragmentary data 
available indicate that elastin has long se¬ 
quences of small aliphatic amino acid resi¬ 
dues such as Gly, Ala, Val and Pro. It also 
contains a number of cross-linking amino 
acid residues such as desmosine and isodes- 
mosine (figure 2); These crossnlinking resi¬ 
dues are formed by the action ofllysyl oxi- 
dase upon Lys residues in> tropoelastin, a 
precursor: of elastin. Studies with synthetic 
substrates containing model desmosine resi¬ 
dues (14) support the hypothesis that HL 
elastase is a cross-link selective enzyme. In 
particular, HL elastase prefers to cleave se¬ 
quences such as cross-linking amino arid 
residue (AA) n -Pi*Pi' (asterisk indicates 
bond cleaved) where Pi is Val or Ala and n 
is 1 or 2 but not zero, HL elastase also binds 
very tightly to elastin and the evidence indi¬ 
cates that this involves the cross-1 inked re¬ 
gions of elastin. In addition^ it has been 
shown recently that HL elastase preabsorbed 
onto elastin is incompletely inhibited by 
a t -protease inhibitor (15). 

Human Leukocyte Elastase Inhibitors 

Peptide chloromethyl ketones. The first 
class of selective inhibitors to be developed 
for HL elastase were peptide chlbromethyl 
ketones (13, 16). These are active site-di¬ 
rected irreversible inhibitors for: serine pro¬ 
teases. The inhibitors bind to the extended 
substrate binding site of the enzyme, and 
the reactive chloromethyl ketone functional 
group is then placed in the proper position 
to alkylate the active site histidine residue. 
In addition, the serine GH reacts with the 
inhibitor carbonyl group to forma. hemike- 
tal. A schematic drawing of the inhibition 
of HL elastase by a chloromethyl ketone is 
shown in figure 3. 

The most effective chloromethyl ketone 
HL elastase inhibitor found thus far is 
MeO-Suc-Ala-Ala + Pro-VaICH 2 CI(k 0 b S /{Il 
= 1560 NT’s' 1 , MeO-Suc - CHjOCOGH, 


O-H M., 
RCO-NH-NKOCHiCF, 


"*C 4 H 9 O 
I / 

rco-nh-n-c 



CH 2 CO-) (13). This willlnot inhibit the 
other major leukocyte protease cathepsin 
G, but is an alkylating agent and will react 
slowly with nucleophiles such as glutathione 
(kobs/[r) = 0.88 This rate is quite 

slow and the inhibitor would discriminate in 
favor of HL elastase over glutathione by a 
factor of 1700 if the concentrations were 
equivalent. 

The major problem with the use of pep¬ 
tide chloromethyl ketones in vivo is the po¬ 
tential for reaction at other sites. One possi¬ 
ble approach to obtaining specificity involves 
the attachment of the inhibitor to a suitable 
carrier that could be targeted to the desired 
site of action. This has been accomplished 
with human albumin microspheres (HAM). 
HAM are nonto.xic, nonantigenic and bio¬ 
degradable, and because of their unique 
size are trapped in the pulmonary capillary 
bed after intravenous injection. An effec¬ 
tive HL elastase inhibitor has been linked to 
HAM: 

HAM-CONH-Spacrr-Ala-Ala-Pro-ValCH 2 Cl 

The HAM-linked inhibitor was found to be 
capable of inhibiting elastase. When the in- 
hibitor-HAM were injected into rats, they 
were rapidly and exclusively taken up by the 
lungs. Half of the modified HAM remained 
in the lung with a half-life of ca 17 days 
(17). Thus HAM offer a method for the 
delivery of elastase inhibitors to the lung. 

Acylaiing agents. A number of HL elas¬ 
tase inhibitors have been developed that 
inactivate the enzyme by acylation of the 
active site serine residue. These include 
aza-pepcides (18) such as Ac-Ala-Ala-Anle- 
OCHzCF, (AnJe - azanorleucine) that 
react with HL elastase to form stable acyl 
enzyme derivatives (figure 4). The acyl en¬ 
zyme (a carbazate) formed from an azapep¬ 
tide is much more stable to hydrolysis than 
the acyl enzyme (an ester) formed from a 
normal peptide substrate due to the elec¬ 
tronic influence of the a-nitrogen atom in 
the azapeptide. In addition to acting as in¬ 
hibitors, azapeptides such > as the 4^nitro- 


Flg, 4. Reaction of Ac-Ala-Ala Anle OCH } CF, with 
HL elastase. The primary binding site (S,):of the 
enzyme is shown interacting with the side chain of: 
the azapeptide The active site serine of elastase 
is acylated forming a carbazyl enzyme. 
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phenyl ester Ac-AJi-Ala-Anlt-OQFLNOi 
can be used to determine the active site 
K concentration of HL elastase (19). A group 
at Merck has alio reported a series of aza- 
peptidesthat do not acylate elastase but act 
instead as competitive inhibitors (20). For 
example, Ac-Ala-AIa-Pro-NHN(CH 2 )CO- 
OCHfCHaJCO-NHCH^GH, has a K ( (dis¬ 
sociation constant of the enzyme inhibitor 
complex) of 2.2 x lfr s M. ^ -vyj 

A group of heterocyclic acylating agents 
for HL elastase have been reported by Merck. 
These include N-acy{saccharins such as furyl 
saccharin (IDi« = 3.6 x 10“ 7 M), N-acylben- 
. zoisothiazolinones, and! N-ary lbenzoisothi- 
azolinone, 1,1 dioxides (21, 22). These in¬ 
hibitors acylate HL elastase by reaction be¬ 
tween the active site serine residue of the 
enzyme and the heterocyclic ring carbonyl 
group. Some of the inhibitors show good 
selectivity toward HL elastase and others 
are fairly broad serine protease inhibitors. 

A selective acylating agent for HL 
elastase could potentially be used thera¬ 
peutically. A balance between the inherent 
reactivity of the acylating agent and poten¬ 
tial side reactions such as hydrolysis or reac¬ 
tion with nucleophiles and its reactivity with 
HL elastase must be achieved. Some rea¬ 
gents such as alkyl isocyanates (23) are too 
reactive and nonselective for therapeutic 
use. Some azapeptidfcs and acyHaccharins 
also appear to be unsuitable due to their 
hydrolytic instability. Thus the ideal in¬ 
hibitor for further testing does not yet'ap¬ 
pear to be available. 

Sulfonyl fluorides. Sulfonyl fluorides in¬ 
hibit serine proteases by reacting with the 
active site serine residue to form a sulfonyl 
derivative (figure 5). We have discovered re¬ 
cently that introduction i of fluoroacyl 
groups into a sulfonyl fluoride structure 
gives considerable reactivity and selectivity 
for HL elastase (24). HL elastase was in¬ 
hibited most rapidly by 2 -(CFiCF 2 CONH) 
C*H,S0 1 F(W[I] = 1700 Mt's" 1 ) that is 
slightly better than the best peptide chlOro- 
tnethyl ketone fori this enzyme. It also was 
quite selective and reacted with HL cathep- 
sin G and bovine chvmotrypsin at rates that 
were slower by 130- and 57-fold, respective¬ 
ly. One potential disadvantage of these 
2-substituted sulfonyl fluorides is their in¬ 
stability toward hydrolysis. Whether this 
problem cam be overcome and a useful 
agent produced still remains to be seen. 


-Alt-llh-Pro-Met • Ser-He¬ 


ll,-PI I Reictiwe 
Sit* 


il~ .’“"i 

* tn-Abz-m-Abl 


Cyclic P«pti<ie 

Analog 


-m-Abz-m-Abr 


Fig. 6. Comparison of the reactive site sequence 
of »,-Pl with that of a cyclic peptide analogue. The 
bridging group is composed of !2 /n-Abz ((^-amino- 
benzoyl) moieties and is quite rigidj 
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Fig. 5. Reaction of a 2-perfluoroacyfamino ben¬ 
zene sulfonyl fluoride with the active site serine 
residue of HL elastase. R# can be CF„ CFjCF,, or 
CFjCFjCF^ 


' a pro tease inhibitor analogs. Crystallo¬ 
graphic data have not yet'been obtained on 
the plasma protease inhibitor on-PI* but 
X-ray structures have been obtained on 
several protein protease inhibitors from 
plant, microbial, and mammalian sources, 
and on 2 trypsin-trypsin 1 inhibitor com¬ 
plexes. Only a small portion .of the 2 in¬ 
hibitors interact with the enzyme; most of 
the major contacts occur with the 6 or 7 
amino arid residues in the immediate vicinity 
of the inhibitor reactive site. Comparison of 
the various protease inhibitor structures 
revealed a surprising degree ofi similarity, in 
the conformation of the peptide chain at 
the various reactive sites even though itHe in¬ 
hibitors inactivated proteases with quite difr 
ferem specificities. Therefore it is reason¬ 
able to assume that the conformation at the 
reactive site of a,-PI bears some similarity 
to that of the other protease inhibitors. We 
have designed a number of inhibitors based 
on this premise. 

A cyclic peptide analog of the mrPI reac¬ 
tive site is shown in figure 6 (IS) iThis in¬ 
hibitor was constructed'by taking 6 amino 
arid residues inithe m-PI reactive site and 
joining them with a bridging group that 
would allow those amino acid residues to 
occupy a conformation similar to that 
observed by X-ray crystallography in the re¬ 
active site of the soybean trypsin inhibiton 
We substituted Leu for lie for synthetic 
reasons because we decided it would riot be 
a significant change. The Thr substitution 
for Ser was made at a time when a,-PI was 
believed to contain either a Thr or Ser at 
that position. 

The cyclic peptide inhibited HL elastase 
reversibly (Ki i = 0.39 mM) and was quite 
specific because it did not inhibit porcine 
pancreatic elastase. A linear peptide Ac- 
Ala-Ile-Pro-Met-Ser-Ile-Pro-Pfo-NHi with 
the ffi-Pl reactive site sequence is a good 
substrate for HL elastase and has a Km of 
1.6 mM (6). The cyclic peptide binds more 
tightly to the enzyme than the linear peptide 
and was not cleaved by HL elastase even 
after long incubation limes. The stability of 
the cyclic peptide analogs of m-PI toward 
HL elastase makes this class of compounds 
a potential usefullgroup of inhibitors if se¬ 
quence substitutions can be made that 
would lower the K| value severalfold. 

Heterocyclic HL elastase inhibitors. HL 
elastase is inhibited competitively by hetero¬ 
cyclic compounds such as 2-substiiuted 
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4H-3,l-benzoxazin-4-ones, 4-quinazoIines 
(figure 7), and 4-chloroquinazolines, N-sub- 
stituied phthalimides and by thioesters of 
N-acylanthranilic acids (25), The most po¬ 
tent inhibitors have Ki values in the 10* 7 - 
lO* 1 range. The best inhibitors had fiu- 
oroalkyl or fluoroacyl substituents. The 
quinazolinones, chloroquinazolines and N- 
substituted phthalimides were quite specific 
for HL elastase. An excellent correlation 
was observed between pKiand the infrared 
carbonyl stretching frequency of the inhib¬ 
itor. Thus the partially polarized carbonyl 
group of the inhibitor is interacting with the 
partially polarized catalytic triad (Ser-His- 
Asp) of HL elastase. The substituents on 
the inhibitor probably interact with the 
primary substrate binding site of elastase. 
This class of compounds eventually may be 
useful therapeutically. 

Other reversible inhibitors. Quite a varie¬ 
ty of other structures have been shown to be 
HL elastase inhibitors. These include the 
fermentation products elastatinal [K t = 5 
x IOt* (26), K, = 8 x 10-’M (12)1 and 
elasnin {ID J0 = 3J x lO^M (27)]. Other 
examples include dipeptides such as 3-CFj- 
C 6 H,-CO-Ala-A]a-NH-C*H 4 -N0 2 (K, = 4 
x ICr^M (2S)j, fatty acids such as oleic acid 
[f£ r = 9 x lOn 6 M (29)), and sulfated poly¬ 
saccharides such as Arteparon and pen¬ 
tosan poli-sulfate SP-54 (Ki - 10' 7 -10 _, t 
uncomperinve inhibition with multiple 
binding (30, 31)]. None of these compounds 
appears to offer significant advantages as 
do HL elastase inhibitors. 


Animal Studies 

Several different types of synthetic elastase 
inhibitors have been used in animal studies 
of emphysema. These have includril pep¬ 
tide chloromethyl ketones, furyl saccha¬ 
rine, and trifluoroacetyldipeptides. How¬ 
ever* peptide chloromethyl ketones have 
been the most widely studied. 

The chloromethyl ketone Ac-AJa-Ala- 
Pro-AlaCHtCl has been extensively, studied 
in hamsters. Experimental emphysema was 
induced by intratracheal instillation of por¬ 
cine pancreatic elastase. The inhibitor was 
administered intraperitoneally in divided 
doses before and immediately after instilla^ 
tion of the elastase (32). The inhibitor was 
shown to have significant antielastase ac¬ 
tivity in vivo and markedly decreased the 
extent of elastase-induced emphysema. In 
addition, it was shown that; the develop¬ 
ment of emphysema was dependent on the 
dose of Ac-AIa-Ala-Pro-AlaCHiCli with 
emphysema being eliminated with 4.1 and 
8.0 mg doses and markedly diminished with 
HI mg (33). 
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Fig. 7 Structure of a 2 substituted 4H-3.1-benzox- 
azin-4-one and a 2-substituted 4 quihazoline-one. 
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. r V-* The chloromethyl ketone Ac-Ala-A!a- 
, Pro-AIaCH 2 CI was not effective when ad- 
\ ministered 60 min after exposure to elastase 
... (34). A divided dose of 19 mg was injected 
, intraperitoneally. In addition, this large 
. dose was shown to produce a unique renal 
tubular nephropathy. In the previous 
studies when the inhibitor was administered 
concurrently with the elastase, no evidence 
of toxicity or kidney injury was observed 
J with a similar dose. The mechanism of this 
V in vivo toxicity is not yet known. ; v v-\ 

The chloromethyl I ketone MeO-Suc-AIa- 
Ala-Pro-ValCHjCl has been shown to be 
orally active in protecting Swiss-Webster 
mice from elastase-induced emphysema 
(35). The mice were given a transoral dose 
of porcine pancreatic elastase and were 
given 300 to 400 /ig of the chloromethyl 
ketone at times ranging from 2 h before in¬ 
stillation of the enzyme to 48 h after the en¬ 
zyme. Mice that received the elastase in¬ 
hibitor within 15 min before instillation of 
elastase were protected from development 
of emphysema and! their lungs were com¬ 
pletely free of alveolar deformation. 
However, no significant protection was af+ 
fordid by treatment with MeO-Suc-Ala- 
Ala-Pro-ValCH 2 Cl 1 h or more before the 
challenge with the enzyme or at any time 
after the challenge. 

The chloromethyl ketone Suc-Ala-Ala- 
... Pro-ValCMiCl has been shown by mor¬ 
phometric and physiologic measurements 
to moderate elastase-induced emphysema in 
hamsters (36). When 0.5 mg of the inhibitor 
in saline was injected i intratracheally 1 hr 
before intratracheal injection of porcine 
pancreatic elastase, the hamsters did not 
develop emphysema. When the inhibitor 
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EFFECT OF ELASTIN ON THE RATE OR INHIBITION OF HL AND PORCINE PANCREATIC 
■ r--i ELASTASE BY, PEPTIDE CHLOROMETHYL KETONES 


Fig. 8. The effect of elastin on the elistase cata¬ 
lyzed hydrolysis of a synthetic elastase substrate. 
Elastin (2 mg) was added to a solution of enzyme 
in 1 ml of saline (085% NaCI, 0.02% CaC!„ 0.02% 
KCL and 0 002% NaHCOJ at iroom temperature. At 
appropriate intervals an aliquot (50 yl) of the sus¬ 
pension was assayed for elastase activity using 
Me O-Suc-Al a-Ala-Pro-Vat-NA (2 mM) as a substrate 
In 2 ml of 0.1 M Hepes buffer at pH 7.5 containing, 
0.6 M NaCl and 10% DM SO. HL elastase (2.6 x 
10 - ' M) was studied with bovine ligamentum 
nuchae elastin {open circles) and dog lung elastin: 
(closed circles). PR elastase (1.2 x 1{7* M) was 
studied with bovine ligamentum nuchae etastin: 
(open squares) and dog lung elistin (closed 
tqusres). 


- ,J . C «'■'y.-;-TsV 

Inhibitor r -‘c; v«V ,< > 

. Concentration i 
W) 

No 

Elastin 

hobs^’I <W ■ s’) 

Bovine 

Elastin 

Dog Lung 
Elastin 


Porcine Pancreatic Elastase 


• ' • / J 

Ac-Ala-Ala-Pro-AlaCH.CI 

4.1 

366 

181 

,.<44 

Suc-Ala-Ala-Pro-ValGHjCI 

. is 

■ / 685 

^ <274 

.-.-■132 

f MeO-Suc-Ala-Ala-Pro-ValCH.CI 

i3 ; 

,, 630 

249 

, 87 


HL Elastase 



Ac-Ala-Ala-Pro-AlaCH,Ct ; ,. 

. 81 

7.4 

.. ’ *" 4.3 

7.2 

Suc-Ala-Ala-Pro-ValCHjCt 

- 0.31 , 

1490 

, 198 

V, 40 

MeO-Suc-Ala-Ala-Pro-ValCHjCI 

0.39 

. 1550 

125 

71 


Elistin (2 mq) was added to 1 ml of elastase in saline (HLelastase, 2 6 x 10’ 7 M; PP elastase, 1.2 x 10^ M). After shak¬ 
ing for 10 min. a solution of the chloromethyl ketone In saline was added. At appropriate intervals, aliquots of the suspen¬ 
sion were removed and assayed for residual elastase activity ustng MeO-Suc-Ala-Ala-Pro-Vai-NA as a substrate. The kofos 
was obtained from a plot of In velocity versus time. 


was injected 1 hr after the elastase, the 
severity of emphysema was reduced by ap¬ 
proximately 50% compared with control 
animals receiving saline 1 hr after elastase. 
The Suc-AJa-Ala-PrchValC^CT was inef¬ 
fective when administered iintratrachealiy 4 
h after the elastase. 

To explore the reasons for the ineffec¬ 
tiveness of peptide chloromethyl ketones 
when administered after the dose of 
elastase, we examined the reaction of 
elastase with substrate and inhibitors in the 
presence of elastin. When HL elastase or 
porcine pancreatic elastase is addid to ex¬ 
cess elistin* the ability of the enzyme to 
hydrolyze a small synthetic substrate is only 
slightly diminished (figure S) r This indicates 
that the elastase molecules bound to elastin 
are slightly less available to the substrate or 
that a slight alteration in the active site con¬ 
formation has occurred. In .addition, bind¬ 
ing of the elistase to the elistin is complete 
within a few minutes. 

Rates of inhibition of elastase by peptide 
chloromethyl ketones were then measured 
in the presence and absence of elastin (table 
1 )j In all cases, the chloromethyl ketone 
elastase inhibitors examined were much less 
effective at inhibiting elastase preabsorbed 
onto elastin. Indeed, with the chloromethyl 
ketones used in the animal: emphysema 
models (porcine pancreatic elistase in¬ 
duced),, inhibition rates were decreased by 
two-to eightfold. Even larger rate reductions 
were observed with HL elastase preabsorbed 
onto elastin. These low rates of inhibition 
may explain the ineffectiveness ofi peptide 
chloromethyl ketone elastase inhibitors in 
the animal models w-hen administered after 
the dose of elastase. After the elastase has 
had an opportunity to bind to lung elastin, 
it is much harder to inhibiti It would be in¬ 
teresting to investigate whether all Iclasses of 
elastase inhibitor exhibit this type of 
behavior. Inifuture therapeutic protocols, it 
may be necessary to maintain a constant 
presence of elastase inhibitor, iniord^r to 
knock out the enzyme before if can interact 
with elastin;, 


Only a few other classes of elastase inhib¬ 
itors have been studied in animal models. 
Using the papain-induced emphysema mod¬ 
el! in hamsters, chaulmoogric acid, furoyl 
saccharin, the azapeptide Ac-Ala-A14-Pro- 
NHN'CCHj^O-OGHfCH^GONHa, and elas- 
tatinal have been shown to be effective 
inhibitors (37). The dipeptide CFjCO-Lys- 
Ala-NHQHj and the chlOromethyl ketone 
'CFjCO-AiaCH : Cl have been tested in the 
porcine pancreatic elastase-induced emphy¬ 
sema model in hamsters (38): The chloro- 
methyl ketone gave significant partial!pro¬ 
tection against the emphysematous lesions, 
but no protection was obtained with the di¬ 
peptide. This is an excellent in vitro elastase 
inhibitor and possibly it is cleaved at' the 
Lys residue in vivo by some trypsin-like en¬ 
zyme. Interestingly, it has been reported in 
an abstract that <n-protease inhibitor or 
elastatinal were partially effective at sup¬ 
pressing emphysematous Itsions in the ham- 
ster-elastase model when the inhibitors were 
administered 6 days after the elastase instil¬ 
lation (39). This observation should be con¬ 
firmed independently by other investigators 
because other types of inhibitors (peptide 
chloromethyl ketones) have been shown to 
be ineffective at such a long interval!after 
elastase instillation. 

Prospects 

It now appears likely that HL elastase is 
primarily responsible for the destruction of 
lung tissue observed in pulmonary emphyse¬ 
ma. Other enzymes such as cathepsin G 
may act synergistically with HL elastase or 
contribute to the damage by other mecha¬ 
nisms. Thus synthetic elastase inhibitors 
have considerable potential I for the treat¬ 
ment of emphysema. Indeed, several iclasses 
of compound! have already been shown to 
be active in animal models of emphysema. 

Ai present, belter elastase inhibitors are 
needed. They should have a high degree of 
selectivity and minimali side reactions or 
toxic effects. In addition, more studies are 
needed on the effect of elastase inhibitors 
on a variety, of animal emphysema models. 
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More toxicity data on some of the com¬ 
pounds already tested also are needed. 
However, the overall prospects are q^ite 
good for the development of a synthetic 
elastase inhibitor for use in humans in the 

near future. _.__,• 

It is clear that a synthetic elastase inhibi¬ 
tor would be a useful therapeutic agent k 
Further progress in the field simply awaits 
the development of a more ideal inhibitor 
structure. 

_• •' V £*•■:■' K' '■ ■- 
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